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Les biphényles polychlorés (BPC) sont des contaminants de l’environnement, omniprésents 
dans la chaîne alimentaire, qui ont une propension à la bioaccumulation dans le corps humain. 
Ils traversent la barrière placentaire et sont suspectés d’induire des altérations du 
développement mental ou moteur chez des enfants exposés aux BPC pendant la vie 
intrautérine. Ces effets s’expliqueraient notamment par la capacité des BPC à perturber 
l’homéostasie de la fonction thyroïdienne chez la femme enceinte ou le nouveau-né.  
 
Malgré le nombre considérable d’études épidémiologiques réalisées, la relation entre 
l’exposition prénatale aux BPC et les altérations du développement mental et moteur ou de la 
fonction thyroïdienne n’a pas encore été clairement établie ; d’une part, différents 
bioindicateurs de l’exposition ont été employés (différents congénères de BPC mesurés et 
différentes matrices biologiques ou unités de mesure) limitant la comparaison directe entre les 
études et, d’autre part, le lien de causalité entre les BPC et les effets ciblés n’a pas été vérifié 
avec des critères épidémiologiques reconnus. Cette étude a été réalisée afin d’analyser la 
relation « concentration biologique de BPC – effet » entre l'exposition aux BPC de la mère 
pendant la grossesse et le développement mental et moteur de l’enfant ainsi que les paramètres 
de la fonction thyroïdienne chez la femme enceinte et le nouveau-né à partir d’une analyse 
systématique des études épidémiologiques disponibles en standardisant les données 
biologiques entre les études. 
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Sur la base de considérations toxicocinétiques et en appliquant des facteurs de conversion 
établis à partir de la littérature épidémiologique publiée, les concentrations des BPC 
rapportées dans les différentes études revues ont été standardisées en termes d’équivalent de 
BPC totaux par kilogramme de lipides dans le plasma maternel (µg PCBMPEQ/kg de lipides). 
Afin d’analyser la possibilité d’une association causale entre l’exposition aux BPC et les effets 
d’intérêt, les critères de Hill ont été appliqués systématiquement à l’ensemble des associations 
« concentrations biologiques standardisées – effet ciblés ».  
 
En appliquant cette approche aux données publiées de 20 études épidémiologiques sur la 
relation entre les BPC et le poids à la naissance, l’exposition prénatale aux BPC, aux niveaux 
décrits (moyenne < 1920 µg PCBMPEQ/kg de lipides), n’apparaît pas associée de manière 
significative à un poids à la naissance inférieur à 2500 g dans les populations étudiées. Par 
ailleurs, en considérant des études menées sur le suivi de neuf cohortes d’enfants, la 
probabilité qu’une altération cognitive ou motrice cliniquement significative, qui persiste entre 
la naissance et l’âge scolaire, soit observée à des concentrations de BPC totaux inférieures à 
1000 µg PCBMPEQ/kg de lipides semble faible. Aussi, à partir de l’analyse systématique des 
données de 17 études épidémiologiques, l’exposition aux BPC aux niveaux standardisés 
décrits (moyenne < 1000 µg PCBMPEQ/kg de lipides) ne semble pas induire de variation des 
hormones thyroïdiennes ou de TSH en dehors des intervalles physiologiques reconnus chez la 
femme enceinte et le nouveau-né. Ainsi, la valeur biologique de référence établie à 1000 µg 
PCBMPEQ/kg de lipides pour prévenir les effets sur le développement devrait aussi prévenir les 




Les résultats présentés dans cette thèse fournissent aux autorités de santé publique 
responsables de l’établissement de directives et des normes de l’information utile à la révision 
des critères sanitaires visant à protéger des effets des BPC sur le développement de l’enfant et 
la fonction thyroïdienne chez la femme enceinte et le nouveau-né. 
 
Mots-clés : Biphényles polychlorés ; exposition prénatale ; standardisation de l’exposition ; 
analyse systématique ; relation « concentration biologique – réponse » ; grossesse ; poids à la 
naissance ; hormones thyroïdiennes ; développement ; cohortes d’enfants. 
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ABSTRACT 
Polychlorinated biphenyls (PCBs) are persistent organic pollutants (POPs) ubiquitously 
present in the food chain, and with a propensity to bioaccumulate in the human body. They 
can cross the placental barrier and are suspected of inducing mental and motor development 
alterations in children prenatally exposed to PCBs. These contaminants could injure brain 
development by disrupting thyroid homeostasis in pregnant women or newborns. Despite the 
large number of epidemiological publications on PCBs, “biological concentration – response” 
relationships between PCB exposure and mental and motor development or thyroid function in 
pregnant women and newborns are not well established; a direct comparison of biological 
levels between published studies is limited by the heterogeneous biological PCB 
measurements (different PCB congeners or groups of congeners measured, variations in 
biological matrices sampled or units chosen to express biological results), and causal 
relationship between PCBs and a studied effect has not been verified with recognized 
epidemiological criteria. 
 
This research was performed to analyze “biological PCB concentration – effect” relationship 
between prenatal PCB exposure and children mental and motor development as well as 
parameters of thyroid function in pregnant women and newborns by conducting a systematic 




Reported PCB concentrations in the different reviewed studies were standardized in terms of 
total PCB equivalent per kilogram of lipids in maternal plasma (µg PCBMPEQ/kg of lipids), by 
taking into account PCB toxicokinetics and using conversion factors based on published 
epidemiological data. To analyze a possible causal association between PCB exposure and 
studied effects, Hill criteria were consistently applied to all “standardized biological 
concentrations – response” associations. 
 
The systematic analysis of “standardized biological concentration – birth weight” relationship 
across 20 reviewed studies did not show any association between prenatal exposure to PCBs at 
the described levels (mean < 1920 µg PCBMPEQ/kg de lipids) and abnormal birth weight 
(< 2500 g). Furthermore, combining data from nine children cohorts to assess the 
“standardized biological concentration – development” relationship during follow-up of each 
cohort showed that risk of mental or motor development should be negligible for prenatal PCB 
concentrations below ≈ 1000 µg/kg of lipids in maternal plasma. Also, the systematic analysis 
of data from 17 epidemiological studies indicated that the weight of evidence of a significant 
impact of PCB exposure on TSH and thyroid hormone levels was low at reported levels in 
pregnant women and newborns (mean < 1000 µg PCBMPEQ/kg de lipids). The PCBMPEQ 
biological reference value of 1000 µg/kg lipids that should prevent neurodevelopmental 




Results presented in this thesis should provide useful information to public health authorities 
for the revision of guidelines and standards ensuring protection from PCB effects on child 
development and thyroid function in pregnant women and newborns. 
 
Keywords: Polychlorinated biphenyls; prenatal exposure; exposure standardization; 
systematic analysis; “biological concentration – response” relationship; pregnancy; birth 
weight; thyroid hormones; development; children cohorts. 
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CHAPITRE I : INTRODUCTION GÉNÉRALE 
 2 
1.1  Introduction 
Les biphényles polychlorés (BPC) sont des polluants des écosystèmes terrestres et aquatiques, 
omniprésents dans la chaîne alimentaire, qui se retrouvent dans les tissus biologiques des 
animaux et des êtres humains. Ces substances, dont la forme générale est C12H10-nCln, sont 
constituées d’un noyau biphényle (C12H10) sur lequel un ou plusieurs atomes d’hydrogènes 
sont substitués par des atomes de chlore (Figure 1). 
 
Figure 1 : Représentation de la structure générale d’une molécule de BPC (x + y = 1 à 10) 
 
Au total, on dénombre 209 congénères qui diffèrent entre eux par le nombre ou par la position 
des atomes de chlore sur le noyau biphényle et qui peuvent être regroupés en dix séries 
d’homologues allant de mono-à déca-chlorobiphényles. Pour des fins de classification, 
Ballschmiter et Zell (1980) ont assigné des numéros à chacun des 209 congénères de BPC 
(Tableau 1). Cette nomenclature a été adoptée par l’« International Union of Pure and Applied 
Chemistry » (IUPAC). 
 
Les BPC ont été synthétisés pour la première fois en 1881 en Allemagne et ont connu un 
développement industriel considérable entre 1930 et 1970. Ceci était attribuable à leur grande 
stabilité thermique, leur faible inflammabilité, leur point d’ébullition élevé et leur faible 
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tension de vapeur. Les mélanges commerciaux à base de BPC (Aroclor, Askarel, Kanechlor, 
Pyrochlor, etc.) ont été largement utilisés en hydroélectricité, en foresterie, en sidérurgique 
ainsi que dans l’industrie minière et des pâtes et papier (Carrier, 1991; WHO, 1993). La 
production mondiale de BPC pendant cette période est estimée à plus d’un million de tonnes 
(Breivik et al., 2002), ce qui a engendré le rejet de quantités considérables dans 
l’environnement.  
 
C’est suite à deux incidents reliés à une contamination alimentaire survenue au Japon, en 
1968, et à Taïwan, en 1979, que les BPC ont été interdits à travers le monde vers la fin des 
années mille neuf cent soixante dix. Les syndromes décrits étaient similaires et furent nommés 
la maladie de Yusho et de YuCheng, respectivement. Les enfants nés de mères ayant 
consommé du riz contaminé pendant la grossesse présentaient un faible poids à la naissance, 
une hypertrophie des gencives, une pigmentation de la peau, de l’acné, une déformation des 
ongles, une tonicité musculaire affaiblie et des troubles cognitifs, notamment un QI faible 
(Carrier, 1991; Guo et al., 2004).  
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Tableau 1 : Classification des congénères de biphényles polychlorés selon Ballschmiter et Zell (1980) 
No Structure No Structure No Structure No Structure 
Monochlorobiphényles 51   2,2',4,6' 104 2,2',4,6,6' 157      2,3,3',4,4',5' 
1 2 52 2,2',5,5' 105   2,3,3',4,4' 158      2,3,3',4,4',6 
2 3 53 2,2',5,6' 106     2,3,3',4,5 159  2,3,3',4,5,5' 
3 4 54 2,2',6,6' 107   2,3,3',4',5 160 2,3,3',4,5,6 
Dichlorobiphényles 55 2,3,3',4 108     2,3,3',4,5' 161      2,3,3',4,5',6 
4 2,2' 56 2,3,3',4' 109   2,3,3',4,6 162      2,3,3',4',5,5' 
5 2,3 57 2,3,3',5 110     2,3,3',4',6 163       2,3,3',4',5,6 
6 2,3' 58 2,3,3',5' 111   2,3,3',5,5' 164    2,3,3',4',5',6 
7 2,4 59 2,3,3',6 112     2,3,3',5,6 165     2,3,3',5,5',6 
8 2,4' 60 2,3,4,4' 113   2,3,3',5',6 166    2,3,4,4',5,6 
9 2,5 61 2,3,4,5 114   2,3,4,4',5 167   2,3',4,4',5,5' 
10 2,6 62 2,3,4,6 115   2,3,4,4',6 168   2,3',4,4',5',6 
11 3,3' 63 2,3,4',5 116   2,3,4,5,6 169    3,3',4,4',5,5' 
12 3,4 64 2,3,4',6 117   2,3,4' ,5,6 Heptachlorobiphényles
13 3,4' 65 2,3,5,6 118     2,3',4,4',5 170      2,2',3,3',4,4',5 
14 3,5 66 2,3',4,4' 119        2,3',4,4',6 171      2,2',3,3',4,4',6 
15 4,4' 67 2,3',4,5 120      2,3',4,5,5' 172   2,2',3,3',4,5,5' 
Trichlorobiphényles 68 2,3',4,5' 121        2,3',4,5',6 173    2,2',3,3',4,5,6 
16 2,2',3 69 2,3',4,6 122   2',3,3',4,5 174    2,2',3,3',4,5,6' 
17 2,2',4 70 2,3',4',5 123     2',3,4,4',5 175     2,2',3,3',4,5',6 
18 2,2',5 71 2,3',4',6 124   2',3,4,5,5' 176   2,2',3,3',4,6,6' 
19 2,2',6 72 2,3',5,5' 125       2',3,4,5,6' 177   2,2',3,3',4',5,6 
20 2,3,3' 73 2,3',5',6 126     3,3',4,4',5 178   2,2',3,3',5,5',6 
21 2,3,4 74 2,4,4',5 127     3,3',4,5,5' 179   2,2',3,3',5,6,6' 
22 2,3,4' 75 2,4,4',6 Hexachlorobiphényles 180    2,2',3,4,4',5,5' 
23 2,3,5 76 2',3,4,5 128     2,2',3,3',4,4' 181     2,2',3,4,4',5,6 
24 2,3,6 77 3,3',4,4' 129   2,2',3,3',4,5 182   2,2' ,3,4,4',5',6 
25 2,3',4 78 3,3',4,5 130 2,2',3,3',4,5' 183   2,2',3,4,4',5',6 
26 2,3',5 79 3,3',4,5' 131 2,2',3,3',4,6 184   2,2',3,4,4',6,6' 
27 2,3',6 80 3,3',5,5' 132 2,2',3,3',4,6' 185    2,2',3,4,5,5',6 
28 2,4,4' 81 3,4,4',5 133   2,2',3,3',5,5' 186 2,2',3,4,5,6,6' 
29 2,4,5 Pentachlorobiphényles 134    2,2',3,3',5,6 187   2,2',3,4',5,5',6 
30 2,4,6 82 2,2',3,3',4 135   2,2',3,3',5,6' 188     2,2',3,4',5,6,6' 
31 2,4',5 83 2,2',3,3',5 136    2,2',3,3',6,6' 189      2,3,3',4,4',5,5' 
32 2,4',6 84 2,2',3,3',6 137      2,2',3,4,4',5 Octachlorobiphényles
33 2',3,4 85 2,2',3,4,4' 138      2,2',3,4,4',5' 194   2,2',3,3',4,4',5,5' 
34 2',3,5 86 2,2',3,4,5 139      2,2',3,4,4',6 195    2,2',3,3',4,4',5,6 
35 3,3',4 87 2,2',3,4,5' 140      2,2',3,4,4',6' 196   2,2',3,3',4,4',5',6' 
36 3,3',5 88 2,2',3,4,6 141      2,2',3,4,5,5' 197 2,2',3,3',4,4',6,6' 
37 3,4,4' 89 2,2',3,4,6' 142      2,2',3,4,5,6 198 2,2',3,3',4,5,5',6 
38 3,4,5 90 2,2',3,4',5 143      2,2',3,4,5,6' 199 2,2',3,3',4,5,6,6' 
39 3,4',5 91 2,2',3,4',6 144    2,2' ,3,4,5',6 200 2,2',3,3',4,5',6,6' 
Tétrachlorobiphényles 92 2,2',3,5,5' 145      2,2',3,4,6,6' 201 2,2',3,3',4,5,5' ,6' 
40 2,2',3,3' 93 2,2',3,5,6 146      2,2',3,4' ,5,5' 202 2,2',3,3',5,5',6,6' 
41 2,2',3,4 94 2,2',3,5,6' 147      2,2',3,4',5,6 203   2,2',3,4,4',5,5',6 
42 2,2',3,4' 95 2,2',3,5',6 148      2,2',3,4',5,6' 204      2,2',3,4,4',5,6,6' 
43 2,2',3,5 96 2,2',3,6,6' 149      2,2',3,4',5',6 205      2,3,3',4,4',5,5',6 
44 2,2',3,5' 97 2,2',3',4,5 150      2,2',3,4',6,6' Nonachlorobiphényles 
45 2,2',3,6 98 2,2',3',4,6 151      2,2' ,3,5,5',6 206   2,2',3,3'.4,4',5,5',6 
46 2,2',3,6' 99 2,2',4,4',5 152      2,2',3,5,6,6' 207    2,2',3,3'.4,4',5,6,6' 
47 2,2',4,4' 100  2,2',4,4',6 153      2,2',4,4',5,5' 208   2,2',3,3',4,5,5',6,6' 
48 2,2',4,5 101 2,2',4,5,5' 154      2,2',4,4',5,6' Décachlorobiphényles
49 2,2',4,5' 102 2,2',4,5,6' 155      2,2',4,4',6,6' 209 2,2',3,3',4,4',5,5',6,6' 
50 2,2',4,6 103 2,2',4,5',6 156      2,3,3',4,4',5   
Note : adapté de Carrier (1991) 
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1.1.1  L’exposition aux BPC dans la population générale 
1.1.1.1  Exposition par l’alimentation 
L’ingestion d’aliments contaminés représente la voie d’exposition principale aux BPC dans les 
populations. On estime que 99% des BPC émis dans l’environnement contaminent les sols, les 
sédiments et atteignent les écosystèmes aquatiques de même que les animaux terrestres qui se 
nourrissent de poissons. Ceci s’explique par la grande stabilité chimique des BPC, leur 
caractère peu hydrosoluble et peu volatile ainsi que leur lipophilie élevée. Par ailleurs, la 
biotransformation extrêmement lente des BPC (demi-vie en termes d’années pour la plupart 
des congénères retrouvés aujourd’hui dans l’environnement) (Seegal et al., 2011) limite leur 
élimination et favorise leur bioaccumulation dans les lipides des milieux biologiques. Les 
animaux, poissons et oiseaux bioaccumulent ainsi les BPC qui finissent par atteindre les 
humains par la chaîne alimentaire (ATSDR, 2000; Carrier, 1991). Même si la synthèse ainsi 
que l’utilisation des BPC ont été interdites, à cause de la persistance de plusieurs congénères 
de BPC pendant des décennies dans l’environnement, la chaîne alimentaire en est toujours 
contaminée et les populations demeurent exposées à ces contaminants par l’alimentation 
(Ryan et al., 2013). Leur caractère peu hydrosoluble et peu volatile rend les voies cutanée et 
respiratoire de faibles sources d’exposition pour la population générale. 
 
Le lait maternel constitue une voie d’excrétion des BPC et une proportion importante de la 
charge corporelle des mères est transférée à l’enfant pendant la période d’allaitement. Les 
données de la littérature montrent qu’à l’âge préscolaire et scolaire, les enfants allaités 
présentent des charges corporelles largement plus élevées que celles des enfants nourris au lait 
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de formule. Schell et al. (2002) ont considéré que la charge corporelle courante mesurée chez 
les adolescents était essentiellement le reflet de leur exposition prénatale et postnatale par 
l’allaitement. Pour ces auteurs, la part de l’exposition postnatale attribuable à la consommation 
de poissons serait faible comparée à celle due à l’allaitement. Jorissen (2007) a pour sa part 
estimé que l’apport quotidien d’un enfant allaité, ajusté au poids corporel, serait 50 fois plus 
élevé que celui d’un adulte.  
1.1.1.2  Exposition par le placenta  
Pendant la vie intra-utérine, les BPC sont transférés de la mère vers le fœtus par le placenta. 
Les concentrations observées dans les lipides du sang du cordon ombilical sont en équilibre 
avec celles des lipides de l’organisme et l’exposition aux BPC du fœtus est corrélée à celle de 
la mère (Carrier et al., 2006). Au Canada, les populations fortement consommatrices de 
poisson, en particulier les populations autochtones, présentent les niveaux les plus élevés de 
BPC dans les matrices biologiques, ce qui expose particulièrement leur progéniture à ces 
substances. Les niveaux d’exposition prénatale aux BPC chez les enfants du Nunavik peuvent 
en effet atteindre deux à trois fois ceux rapportés chez des enfants du sud du Québec ou du 
Massachusetts aux États-Unis (Muckle et al., 2001; Van Oostdam et al., 2005). La barrière 
placentaire semble cependant bloquer une proportion des BPC présents dans le plasma 
maternel.  
1.1.1.3  Valeurs d’exposition limites au Canada 
La dose journalière tolérée (DJT) orale établie par Santé Canada pour l’exposition aux BPC 
chez les Canadiens est de 0,13 µg/kg de poids corporel par jour (µg/kg pc-d). Elle a été basée 
sur l’apparition d’un effet néfaste sur le développement et sur la reproduction chez des 
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macaques rhésus traités avec 6 et 13 µg/kg pc-d, 3 d/semaine (Bowman et al., 1981; Santé 
Canada, 2010). Au Canada, des valeurs guides pour les milieux biologiques (plasma et lipides 
corporels) sont aussi disponibles (Dewailly, 1998). Les concentrations tolérables de BPC dans 
le sang total sont inférieures à 20 µg/L pour les hommes adultes et pour les femmes 
ménopausées, tandis qu’elles sont inférieures à 5 µg/L pour les enfants et pour les femmes 
préménopausées, enceintes ou qui allaitent. La valeur de référence établie pour les hommes et 
les femmes ménopausées a été obtenue en divisant, par un facteur de sécurité de 10, une 
concentration sanguine de BPC de 200 µg/L pour laquelle un effet clinique a été observé chez 
des travailleurs exposés chroniquement à un mélange de BPC. Quant à la valeur de 5 µg/L de 
sang total proposée pour les femmes non-ménopausées et les enfants, elle représente la 
concentration maximale de BPC dans le lait maternel jugée acceptable par Santé Canada, soit 
de 50 µg/L de lait, en considérant un taux de partage entre le sang et le lait maternel de 1:10 
(v/v). Cette concentration dans le lait maternel a été dérivée en se basant sur le fait qu’aucun 
effet néfaste sur la santé n’a été rapporté à ce niveau et que 98 % des échantillons de lait 
maternel collectés à la fin des années 1970 chez des Canadiennes présentaient des niveaux 
inférieurs à cette valeur guide (Santé et Bien-être Social Canada, 1978).  
1.1.2  Toxicité des BPC 
Il existe une grande variation dans la toxicité des BPC entre les espèces mais également entre 
les différents congénères de BPC chez une même espèce (Carrier, 1991; Faroon et al., 2001; 
Kimbrough et Krouskas, 2001). Le nombre et la position des atomes de chlore sur les noyaux 
biphényles sont des déterminants de la toxicité des BPC; deux congénères isomères (avec le 
même nombre d’atomes de chlore mais dont les positions sont différentes) peuvent présenter 
un potentiel toxique différent, et les congénères les plus persistants ne sont pas nécessairement 
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les plus toxiques. Dans les tissus humains, la toxicité relative de chaque congénère de BPC est 
fonction de sa concentration et de son potentiel toxique. 
 
Les congénères de BPC ayant les potentiels toxiques les plus élevés sont le 3,3’,4,4’-tétra-
chlorobiphényl (BPC 77), le 3,3’,4,4’,5-pentachlorobiphényle (BPC 126) et le 3,3’,4,4’,5,5’-
hexachlorobiphényle (BPC 169). Ces congénères ont la caractéristique de ne pas posséder de 
substitutions chlorées en position ortho (2, 2’, 6 et 6’) et d’avoir, sur chaque phényle, la 
substitution chlorée en position para et au moins une substitution chlorée en position méta. 
Ceci leur confère une conformation planaire et un mécanisme d’action qui s’apparente à celui 
de la 2,3,7,8-TCDD (tétrachlorodibenzodioxines), d’où leur appellation de BPC « dioxin-
like » (Van den Berg et al., 2006). Ces molécules partagent la particularité d’agir par 
l’intermédiaire d’un mécanisme d’action commun; elles se lient à une protéine endogène 
cytoplasmique, le récepteur Ah, produisant une cascade d’événements dont l’expression de 
plusieurs gènes (Whitlock, 1990). La force de cette réponse est fonction de l’affinité de la 
molécule pour ce récepteur. Il existe une forte corrélation entre cette affinité pour le récepteur 
Ah et le potentiel de ces molécules à induire certaines enzymes (AHH, EROD) et isoenzymes 
(cytochromes P450-1A1 et P450-1A2), d’une part, et leur potentiel à provoquer des effets 
toxiques, d’autre part (Safe, 1990).  
 
Ce mécanisme d’action commun a amené des chercheurs à proposer un mode de calcul pour 
estimer la toxicité d’un mélange de polychlorodibenzodioxines (PCDD), 
polychlorodibenzofurannes (PCDF) et de BPC « dioxin-like » contenus dans les tissus 
humains (NATO/CCMS, 1988). Cette méthode consiste à attribuer à chaque congénère un 
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facteur d’équivalence toxique (TEFi) relatif à la toxicité de la molécule la plus toxique de ces 
familles, la 2,3,7,8-TCDD. Le TEFi correspond au rapport du potentiel toxique du congénère 
sur celui de la 2,3,7,8-TCDD, dont le TEF est égal à un. Un équivalent toxique pour chacun 
des congénères présents dans un tissu (TEQi) peut alors être établi en multipliant leur 
concentration par leur TEFi correspondant. L’équivalent toxique du mélange est alors égal à la 
somme des TEQ des congénères contenus dans le mélange. 
TEQ = [ PCDDi]·TEFi +  [ PCDFi]·TEFi + [ BPCi]·TEFi  
Les valeurs de TEF ont été établies par l’Organisation mondiale de la santé (OMS) en 
s’appuyant sur les données scientifiques disponibles dans la littérature (Ahlborg et al., 1994; 
Van den Berg et al., 1998; Van den Berg et al., 2006). Ces TEF ont été dérivés en attribuant un 
plus grand poids aux études portant sur les effets à long terme plutôt qu’à court terme 
(Ahlborg et al., 1994; Safe, 1990, 1997). Leur utilisation a été validée avec des mélanges de 
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Figure 2 : Représentation de la structure générale des PCDD et des PCDF, x + y = 1 à 8. 
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Certains auteurs ont également déterminé des équivalents toxiques pour les congénères de 
BPC mono-orthochlorés (Safe, 1990) ou di-orthosubstitués (Wolff et al., 1997; Wolff et 
Toniolo, 1995). Une autre méthode proposée a consisté à regrouper les différents congénères 
de BPC selon leur mécanisme d’action et à les classer en trois groupes : i) « Groupe 1 » 
potentiellement oestrogénique ; ii) « Groupe 2 » potentiellement anti-oestrogénique, 
immunotoxique et « dioxin-like » et iii) « Groupe 3 » inducteur enzymatique de type 

















Figure 3 : Structure générale des congénères de BPC selon leur mécanisme d’action; (a) « Groupe 1 » 
potentiellement oestrogénique, (b) « Groupe 2 » potentiellement anti-oestrogénique, immunotoxique et 
« dioxin-like », (c) le « Groupe 3 » inducteur enzymatique de type phénobarbital. (Tiré de Wolff and 
Toniolo (1995) et Wolff et al. (1997)) 
 
Il est à noter que les concentrations des différents congénères de BPC mesurées dans les 
matrices biologiques à des périodes données sont généralement corrélées les unes aux autres 
(DeVoto et al., 1997). Considérant que la distribution des différents congénères à une période 
donnée ne varie pas en fonction de l’intensité de l’exposition, les concentrations des BPC 
totaux reflètent indirectement les niveaux des différents groupes de congénères, dont les 
« dioxin-like ». Dans la population générale, l’exposition aux BPC est notamment corrélées à 
celle d’autres contaminants tels que les PCDD, les PCDF et les pesticides organochlorés 
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(Grandjean et al., 2001; Konishi et al., 2009; Longnecker, 2001). Dans une même population, 
la quantification de la part d’un effet toxique attribuable à un congénère ou groupes de 
congénères de BPC ou à un contaminant en particulier ne peut être clairement établie.  
1.1.3  Méthodes d’analyse des BPC 
L’identification des BPC dans les différents milieux contaminés, tels que les sols, l’eau, les 
sédiments et les tissus biologiques d’origine animale ou humaine, se fait généralement par 
chromatographie en phase gazeuse. Dans les études plus anciennes, qui datent du début des 
années 1980, c’est surtout la chromatographie en phase gazeuse sur colonne remplie qui a été 
utilisée. Cette méthode permettait de mesurer le total des BPC mais n’identifiait pas les 
différents congénères. Depuis près de deux décennies la méthode de chromatographie en 
phase gazeuse sur colonne capillaire avec une détection par capture d’électron est la plus 
utilisée, ce qui permet d’identifier différents congénères des BPC. Dans des études plus 
récentes, des méthodes analytiques qui offrent à la fois une meilleure sensibilité et une 
meilleure spécificité sont utilisées. C’est le cas de la chromatographie en phase gazeuse avec 
détection par la spectrométrie de masse (GC-MS) (ATSDR, 2000; WHO, 1993). Les 
concentrations biologiques des BPC sont exprimées en termes d’équivalent toxique (ng 
TEQ/kg de lipides), de poids humide ou ajustées au contenu lipidique (µg/L ou µg/kg de 
lipides) dans une matrice donnée. 
 
La limite des études épidémiologiques à rendre compte des niveaux d’exposition aux 
différents congénères ou groupes de congénères réside au niveau de la limite de détection 
analytique, de la concentration biologique des molécules et des milieux biologiques 
considérés. Les congénères dont la demi-vie d’élimination par l’organisme est longue par 
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rapport à celle d’autres congénères, ont la particularité d’être fortement bioaccumulables et se 
retrouvent à des concentrations suffisamment élevées pour être mesurés dans tous les tissus 
biologiques (le lait maternel, le cordon ombilical ou le sang). C’est le cas des congénères les 
plus communément mesurés qui sont les BPC 118, 138, 153 et 180. Les congénères peu 
persistants et les BPC « dioxin-like » en particulier nécessitent des volumes d’échantillons 
biologiques élevés (Ayotte et al., 1997), ce qui rend leur quantification plus aisée dans le lait 
que dans le sang maternel. 
1.1.4  Toxicocinétique des BPC 
1.1.4.1  Absorption 
L’absorption des molécules de BPC est fonction de leur liposolubilité. Plus le congénère de 
BPC comporte d’atomes de chlores, plus il est liposoluble et plus l’absorption à travers les 
membranes lipidiques des cellules épithéliales se fait aisément (Lotti, 2003). Le logarithme du 
coefficient de partition octanol-eau (log Kow) se situe en effet entre 4,2 et 8,26 en allant du 
congénère mono-chlorosubstitué en position ortho au congénère déca-chlorosubstitué 
(Erickson, 2001). De plus, comme l’absorption se fait de manière passive, le gradient entre la 
concentration de BPC au site d’entrée et celle dans le sang intervient dans le processus 
d’absorption. Les molécules de BPC atteignent facilement la circulation systémique au site 
d’entrée (tube digestif, poumons et peau). Chez le bébé nourri au lait maternel, une grande 
proportion des quantités de BPC ingérées sont absorbées (Abraham et al., 1994; Dahl et al., 
1995). Dahl et al. (1995) ont calculé des fractions d’absorption orales moyennes variant de 0,9 
à 1 pour les congénères contenant quatre à huit chlores et de 0,63 à 0,98 pour les congénères 
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avec seulement trois chlores. La fraction d’absorption orale chez des volontaires adultes a été 
estimée à 0.80 (Moser et McLachlan, 2001).  
1.1.4.2  Distribution 
La majorité des molécules de BPC ayant atteint la circulation systémique se lient rapidement 
aux lipoprotéines plasmatiques pour être transportées vers les autres lipides de l’organisme 
(Carrier, 1991). Une dose de BPC absorbée aujourd’hui se distribue rapidement, et presque 
entièrement, dans les lipides de l’organisme pour être complètement éliminée des années plus 
tard. Autrement dit, chez l’adulte, la dose journalière absorbée ne modifie pas 
significativement la charge totale accumulée dans les lipides du corps depuis la naissance. 
Chez l’adulte, cet apport quotidien devient en fait rapidement négligeable par rapport à cette 
charge corporelle accumulée.  
 
Les concentrations moyennes en BPC dans les lipides plasmatiques sont à peu près égales à 
celles des lipides des tissus adipeux (Brown et Lawton, 2001). Par contre, chez une mère 
allaitante, Longnecker et al. (2003) ont calculé qu’en moyenne, la concentration des BPC dans 
les lipides du lait maternel était 1,34 fois plus élevée que celle mesurée dans les lipides 
plasmatiques de la mère. Cette différence s’expliquerait peut-être par le fait que le lait 
maternel est très rapidement synthétisé et que, conséquemment, les BPC absorbés à chaque 
repas par la mère auraient une plus grande influence sur la concentration dans le lait que sur 
celle des lipides déjà présents dans l’organisme, en équilibre avec la charge corporelle acquise. 
Par ailleurs, le placenta semble jouer le rôle de barrière pour une partie des BPC puisque les 
concentrations des BPC totaux dans les lipides plasmatiques du cordon ombilical sont 
inférieures à celles mesurées dans les lipides du plasma maternel. Selon les données collectées 
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par Muckle et al. (2001), Dallaire et al. (2002; 2003), Bulter Walker et al. (2003) et Hamel et 
al. (2003), la concentration lipidique des BPC chez le fœtus serait en moyenne égale à 63% 
celle observée chez la mère.  
 
La concentration des BPC dans les lipides plasmatiques étant quasi équivalente à celle des 
autres lipides de l’organisme, il est possible d’estimer la charge corporelle en BPC d’une 
personne à un âge donné (QBPC(t)). Celle-ci peut être obtenue en divisant le produit de la 
concentration de BPC dans les lipides plasmatiques et de la masse lipidique par la fraction de 
la charge corporelle de BPC qui se retrouve dans les lipides du corps (Équation 1). Cette 
fraction est supérieure à 90%, indiquant que la presque totalité des BPC dans l’organisme 












PC(t) :    Poids corporel en fonction l’âge (kg de poids corporel) 
Lip (t) :  Pourcentage de lipides dans l’organisme humain en fonction l’âge (kg de lipides/kg de poids corporel)  
CBPC(t) : Concentration de BPC totaux dans les lipides en fonction de l’âge (µg/kg de lipides) 
flip :        Fraction de la charge corporelle de BPC totaux retrouvés dans les lipides de l’organisme humain    
 
1.1.4.3  Biotransformation 
Les BPC sont biotransformés principalement au niveau du foie par les monooxygénases à 
fonctions multiples dépendantes des cytochromes P-450. La structure chimique de chaque 
congénère de BPC détermine le groupe de cytochromes qui sera principalement impliqué dans 
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le processus de biotransformation (Brown, 1994). Les congénères agissant sur le récepteur Ah 
sont principalement métabolisés par les CYP-1A alors que les CYP-2B sont surtout impliqués 
dans le métabolisme des congénères possédant au moins trois atomes de chlores en position 
ortho. 
 
De manière générale, les congénères peuvent subir l’action des cytochromes P-450 en formant 
un époxyde sur le noyau aryle. Les positions des chlores influencent la facilité du congénère à 
former cette arène oxydé. Pour un même nombre de chlores, les congénères sans chlore en 
position méta et para forment plus facilement un époxyde à ces deux positions (Lotti, 2003). 
Les molécules époxydes peuvent ensuite être biotransformées en métabolites hydroxylés (OH-
BPC) ou, par l’acide mercapturique, en métabolites méthylsulfonyle (MeSO2-BPC) (Guvenius 
et al., 2002).  
1.1.4.4  Excrétion 
Les BPC sont excrétés du corps par voies biliaire et urinaire sous forme libre ou de OH-BPC 
conjugués à l’acide glucuronique ou aux sulfates (Lotti, 2003). Une très faible partie de la 
charge corporelle en BPC est également éliminée dans les fèces sous forme inchangée (Moser 
et McLachlan, 2001; Schlummer et al., 1998) par transfert direct du sang vers l’intestin à 
travers la membrane intestinale. Chez les mères allaitantes, une proportion importante de la 
charge corporelle en BPC totaux peut être transférée au bébé durant l’allaitement. Rogan et al. 
(1986b) ont observé une diminution de 20 % entre les médianes des concentrations de BPC 
totaux mesurées dans des échantillons de lait maternel collectés juste après l’accouchement et 
ceux collectés après 6 mois d’allaitement. Cette diminution peut atteindre 57%  dans le cas 
d’une durée d’allaitement de 18 mois.  
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Si on exclut la période d’allaitement chez la femme, la demi-vie d’élimination des congénères 
BPC persistants est de l’ordre d’années (Carrier et al., 2006; Seegal et al., 2011). La demi-vie 
calculée sur la base de deux prélèvement espacés de quelques années reflètera la demi-vie 
réelle seulement si la masse lipidique demeure constante durant cette période et si l’organe 
d’élimination principal (le foie) n’est pas altéré. La vitesse d’élimination des BPC est d’ordre 
1, ce qui implique que  le taux d’élimination est en tout temps proportionnel à la charge 
corporelle. D’un congénère à un autre, la  vitesse d’élimination varie à la fois avec le nombre 
d’atomes de chlore et celui de substitution chlorée en position ortho. Il en résulte une 
évolution dans le temps de la proportion de chaque congénère dans les BPC totaux et une 
variation temporelle de l’exposition de la population générale à ces contaminants.   
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1.2  État des connaissances sur les effets des BPC 
1.2.1  Effets de l’exposition aux BPC sur le développement mental et moteur de 
l’enfant 
Les effets des BPC sur le développement mental et moteur de l’enfant ont été évalués dans 
différentes cohortes d’enfants examinées de façon ponctuelles ou suivies à différentes étapes 
entre la vie intra-utérine et l’âge scolaire au Canada (les cohortes du Nunavik), aux États-Unis 
(les cohortes du Michigan, de la Caroline du Nord, du CPP (formée dans le cadre d’un projet 
de collaboration périnatale à travers le pays) et de l’Oswego), en Europe (les cohortes des 
Pays-Bas, d’Allemagne, des Iles Faroe, de Suède et d’Ukraine) et en Asie (au Japon et à 
Taïwan).  
 
Les scores obtenus à différents tests psychomoteurs ont été employés comme indicateurs 
d’effets sur le développement mental et moteur de l’enfant après la naissance (i.e., « Prechtl 
neurological exam », les tests « Brazelton », « Bayley », « McCarthy » etc.). Le poids à la 
naissance étant un déterminant de la santé de l’enfant (Kramer, 1987), au cours des deux 
dernières décennies, l’association entre l’exposition aux BPC et le poids à la naissance a été 
évaluée dans de nombreuses études. Dans plusieurs revues descriptives des études 
épidémiologiques, les résultats publiés sur les effets des BPC sur la santé des enfants ont été 
colligés. Dans une large mesure, l’exposition postnatale par l’allaitement n’a pas été associée à 
une altération de la santé des enfants bien qu’elle soit plus élevée que in utero. L’allaitement a 
donc été considéré bénéfique au développement de l’enfant et ceci serait attribuable à la 
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protection fournie par les constituants du lait ou à l’attention maternelle et à l’environnement 
social qui entourent l’allaitement et qui sont favorables au développement de l’enfant 
(Jacobson et Jacobson, 2002a,b; Walkowiak et al., 2001).  
 
Concernant les effets de l’exposition prénatale aux BPC sur le développement psychomoteur 
de l’enfant, des inconstances et des contradictions entre les études ont été soulevées (Faroon et 
al., 2001; Kimbrough et Krouskas, 2001, 2003; Ribas-Fito et al., 2001). Alors que des 
associations statistiquement significatives entre l’accroissement de l’exposition prénatale aux 
BPC et des perturbations du développement ont été rapportées dans certaines études (Fein et 
al., 1984; Jacobson et Jacobson, 1996; Patandin et al., 1998; Saint-Amour et al., 2006; Stewart 
et al., 2003; Vreugdenhil et al., 2002; Walkowiak et al., 2001), c’est l’absence d’association 
entre ces paramètres qui a été observée dans d’autres études (Daniels et al., 2003; Despres et 
al., 2005; Gladen et al., 2003; Gladen et Rogan, 1991; Grandjean et al., 2001; Gray et al., 
2005; Longnecker et al., 2004; Weisskopf et al., 2005; Winneke et al., 1998). Dans ce 
contexte, les travaux de cette thèse ont été consacrés en particulier aux effets de l’exposition 
aux BPC pendant la vie intra-utérine sur le développement de l’enfant dans la population 
générale. Cependant, les études portant sur des populations dont l’exposition était d’origine 
accidentelle, telle que Yusho et Yucheng, ou professionnelle n’ont pas été retenues. Bien que 
les niveaux de  BPC dans ces études soient élevés, la co-exposition potentielle à d’autres 
contaminants pouvant induire les mêmes effets représentait un biais.  
 
La comparaison des résultats obtenus sur l’impact de l’exposition prénatale aux BPC sur le 
développement de l’enfant lors du suivi jusqu’à l’âge préscolaire et scolaire a aussi fait 
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ressortir des contradictions entre les cohortes. Dans certaines cohortes, une association 
positive significative entre l’exposition prénatale aux BPC et des altérations du développement 
de l’enfant semblait persister entre la naissance et l’âge scolaire (Jacobson et Jacobson, 1996; 
Stewart et al., 2008). Sur une période de suivi similaire, dans d’autres cohortes, une constance 
dans le temps de l’absence d’association entre ces deux paramètres a été observée (Coccini et 
al., 2009; Gray et al., 2005). Dans d’autres cohortes, des inconstances dans le suivi ont été 
notées (Koopman-Esseboom et al., 1996; Stewart et al., 2003) et pourraient être reliées à de 
résultats divergents selon la matrice biologique utilisée comme indicateur de la charge 
corporelle en BPC ou selon l’âge auquel un test a été appliqué.  
 
La revue de la littérature épidémiologique disponible sur les effets sur le développement 
associés aux BPC montre que différents bioindicateurs de l’exposition aux BPC ont été 
employés entre les cohortes et, dans certains cas, lors du suivi d’une même cohorte. 
L’exposition a été estimée à partir des concentrations de différents congénères ou groupes de 
congénères BPC (par exemple BPC 28, 52, 99, 101, 105, 118, 128, 138, 153, 156, 170, 180, 
183, 187 versus BPC 138, 153, 180), mesurées dans diverses matrices (sang du cordon 
ombilical, sang maternel ou lait maternel) et exprimées en termes de poids humide ou ajustées 
au contenu lipidique. De plus, les concentrations de chacun des congénères mesurés n’étant 
pas fournies dans l’ensemble des études publiées, les niveaux biologiques d’exposition ne 
pouvaient pas être convertis en termes d’équivalent toxique (TEQ). Ces résultats n’étant pas 
comparables directement entre les cohortes, il n’est pas possible, sur la base des données 
épidémiologiques telles que publiées, d’établir clairement la relation « concentration 
biologique – réponse » entre l’exposition prénatale aux BPC et un effet sur développement de 
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l’enfant. Lorsque plusieurs indicateurs de l’exposition ont été employés dans le suivi d’une 
même cohorte, l’effet critique ne peut pas être établi.  
 
Par ailleurs, les données d’études expérimentales chez l’animal ne peuvent pas être utilisées 
pour quantifier de façon sécuritaire le risque toxicologique associé aux BPC chez l’espèce 
humaine. Comme mentionné précédemment, il existe une grande variation à la fois de la 
persistance et de la toxicité de ces molécules selon les espèces animales, de sorte que la 
relation entre la dose absorbée et la réponse obtenue varie entre les espèces (Carrier, 1991; 
Faroon et al., 2001; Kimbrough et Krouskas, 2001). Les effets des BPC sur le développement 
ayant été confirmés chez l’animal (ATSDR, 2000), il apparaît important d’établir la relation 
« concentration biologique – effet sur le développement » chez l’humain. Pour déterminer 
clairement cette relation, la standardisation des mesures biologiques de BPC entre les études et 
l’application systématique de critères de causalité pour vérifier l’association entre l’exposition 
et les effets apparaissent essentielles.  
1.2.2  Mécanismes potentiels impliqués dans les effets des BPC sur le développement 
de l’enfant 
Les BPC sont identifiés comme des perturbateurs endocriniens et agiraient sur les 
composantes du système endocrinien telles que les hormones, les enzymes métaboliques, les 
protéines de transport, les récepteurs, les glandes endocrines ou les systèmes de régulation. 
Les effets sur ces composantes pourraient induire notamment des altérations du 
développement neurologique et de la reproduction (ATSDR, 2000; Brouwer et al., 1999; 
Brouwer et al., 1998; Parent et al., 2011). Même si différents modes d’action ont été proposés, 
trois mécanismes d’action potentiels sont généralement retenus par les spécialistes pour 
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expliquer les effets neurotoxiques associés à l’exposition aux BPC pendant la vie intra-utérine 
et postnatale. Ces contaminants pourraient interférer avec : i) le système des 
neurotransmetteurs, notamment des systèmes cholinergiques et dopaminergiques, ii) les 
processus de signalisation intracellulaires ou iii) la fonction thyroïdienne au cours de la 
période fœtale et néonatale (Kodavanti, 2005; Porterfield, 2000).  
 
Ce dernier mécanisme potentiel semble plus plausible pour expliquer les effets neurotoxiques 
associés à l’exposition prénatale aux BPC étant donné le rôle crucial que jouent les hormones 
thyroïdiennes (TH) dans le développement normal du cerveau et dans la régulation de la 
physiologie durant la vie intra-utérine et postnatale (Zoeller, 2007; Zoeller, 2010). D’abord, 
les TH contrôlent la prolifération neuronale et gliale dans les régions cérébrales définitives et 
interviennent dans la régulation de la migration, de la différenciation ainsi que dans la 
synaptogénèse des cellules neuronales (Brouwer et al., 1995; Porterfield, 2000). La relation 
entre une déficience en TH durant la vie intra-utérine ou postnatale et les troubles 
neurologiques observés varie aussi selon le cas de crétinisme endémique et d’hypothyroïdie 
congénitale. Le crétinisme endémique est causé par une carence en iode et, comparé à 
l’hypothyroïdie congénitale, est caractérisé par une plus grande déficience neurologique due à 
l’exposition du cerveau en développement à l’hypothyroïdie dès la conception (Delange, 2000, 
2001; Porterfield, 2000). Les atteintes se produisent à la fois sur des structures qui se 
développent relativement tôt chez le fœtus, telles que le système corticospinal, et des 
structures qui se développent surtout au début chez le fœtus et tardivement au cours de la 
période néonatale, comme le cervelet (Porterfield, 2000). Les enfants atteints de crétinisme 
endémique présentent un retard mental et des problèmes de la motricité fine et globale. 
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L’importance de l’atteinte est inversement reliée au taux sérique maternel de la 
tétraiodothyronine (T4). L’hypothyroïdisme congénital non traité induits des déficits 
neurologiques dont la carence en hormones est principalement d’origine postnatale (Burrow et 
al., 1994). Les enfants peuvent présenter un retard de croissance, une maturation sexuelle qui 
peut être retardée ou absente et une diminution du QI (Burrow et al., 1994).  
 
Plusieurs mécanismes d’action ont été proposés pour expliquer les effets des BPC sur la 
fonction thyroïdienne : i) altération de la synthèse et de la sécrétion des TH, soit en agissant 
directement sur la glande thyroïde ou en agissant sur le contrôle hypophysaire ou 
hypothalamique de la sécrétion de TSH ; ii) interférence avec le transport des TH vers les 
tissus ; iii) interférence avec les récepteurs tissulaires des TH et iv) modification de la 
transcription des gènes qui régulent la production des hormones (Porterfield, 2000).  
 
Ces mécanismes potentiels sont appuyés par des observations faites dans des études 
expérimentales menées chez l’animal ou dans des études in vitro. Dans des études in vivo chez 
l'animal, une diminution des niveaux des TH, en particulier la T4, a été observée chez la 
progéniture exposée aux BPC ou à leurs métabolites hydroxylés avant la naissance (Gauger et 
al., 2004; Martin et Klaassen, 2010). Il a été démontré également que les BPC interfèrent avec 
les niveaux de neurotransmetteurs de signalisation et des TH dans le cerveau de rat en 
développement (Gauger et al., 2004; Gauger et al., 2008; Meerts et al., 2002; Meerts et al., 
2004). Des études in vitro ont aussi mis en évidence que les métabolites hydroxylés des BPC 
interfèrent avec la liaison de T4 à la transthyrétine (Cheek et al., 1999; Gutleb et al., 2010).  
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L’hypothèse selon laquelle les effets des BPC sur le développement de l’enfant seraient 
induits par ces contaminants par l’intermédiaire d’une modification des paramètres thyroïdiens 
a conduit de nombreux chercheurs durant les deux dernières décennies à mener des études 
épidémiologiques sur l'impact de l'exposition aux BPC sur les paramètres de la glande 
thyroïde chez la femme enceinte et le nouveau-né (Chevrier et al., 2007; Chevrier et al., 2008; 
Dallaire et al., 2009; Koopman-Esseboom et al., 1994; Takser et al., 2005).  
1.2.3  Effets des BPC sur la fonction thyroïdienne chez la femme enceinte et le 
nouveau-né 
Comme pour les effets des PCB sur le développement mental et moteur de l’enfant, l’analyse 
des données publiées sur la relation entre la charge corporelle en BPC et les paramètres 
thyroïdiens chez la femme enceinte a aussi montré des contradictions. Alors que certains 
auteurs ont rapporté une association entre cette exposition et les taux de TH, aucune 
association n’a été obtenue dans d’autres études. Des inconstances de même type ont été 
notées entre les études ayant analysé cette relation chez le nouveau-né (Lopez-Espinosa et al., 
2009; Maervoet et al., 2007). Une modification de certains paramètres thyroïdiens a été reliée 
à l’exposition prénatale aux BPC dans certaines études, alors que c’est l’absence d’association 
entre ces deux variables qui a été mise en évidence dans d’autres études. De plus, comme pour 
les effets sur le développement de l’enfant, différents bioindicateurs de l’exposition ont été 
employés entre les études, que ce soit chez la femme enceinte ou chez le nouveau-né, ce qui 
ne permet pas la comparaison directe des résultats obtenus à travers les études sur la base des 
indicateurs de la charge corporelle.  
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Dans les études épidémiologiques publiées, la fonction thyroïdienne a été essentiellement 
évaluée à partir des concentrations sanguines des hormones tri-iodothyronine (T3) et thyroxine 
(T4) sous forme totale (concentration de la fraction libre + celle liée aux protéines telles que la 
TBG (Thyroxine Binding Globuline)) ou libre, ou encore à partir des niveaux de TSH. Dans le 
but de mieux vérifier l’impact de facteurs externes tels que l’exposition aux BPC sur la 
fonction thyroïdien, il apparaît utile de présenter brièvement le fonctionnement physiologique 
de la glande thyroïde (Annexe 1).   
1.2.4  Synthèses publiées à ce jour 
1.2.4.1  Synthèses descriptives 
De nombreuses revues descriptives ont permis de colliger les données d’études 
épidémiologiques publiées sur les effets des BPC sur le développement de l’enfant ou sur la 
fonction thyroïdienne chez la femme enceinte et le nouveau-né. Les niveaux des 
bioindicateurs d’exposition décrits ne pouvant être comparés de manière directe, ces revues 
ont consisté en une analyse descriptive de diverses études relative à un effet toxique donné des 
BPC chez l’humain ainsi qu’en une comparaison des résultats obtenus (Carpenter, 1998; 
Carrier et al., 2006; Den Hond et Schoeters, 2006; Jorissen, 2007; Kimbrough et al., 2001; 
Kimbrough et Krouskas, 2003; Korrick et Sagiv, 2008; Rogan et Ragan, 2007; Schantz et al., 
2003). Dans l’ensemble, ces travaux ont soulevé des contradictions et des inconstances entre 
les résultats rapportés dans les diverses études revues. Les associations entre les bioindicateurs 
d’estimation de la charge corporelle des BPC utilisés et les effets observés étant significatives 
sur le plan statistique, ces contradictions ont été attribuées, soit à une différence de source 
d’exposition (environnementale, consommation de poissons ou industrielle) ou encore aux 
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limites méthodologiques ou statistiques notées dans certains travaux. Il s’agit par exemple de 
méthodes anciennes d’analyse chimique, pouvant conduire à une mauvaise estimation des 
niveaux biologiques de BPC, de la présence d’un facteur de confusion potentiel non contrôlé 
de façon homogène entre les études ou encore d’un manque de puissance attribué à un faible 
nombre de participants. À cause de la variété des bioindicateurs de la charge corporelle 
employés, ces revues ne permettent pas de faire une comparaison directe de la relation 
« concentration – réponse » entre les études ni de déterminer si les BPC sont l’agent causal 
dans les effets rapportés.  
1.2.4.2  Synthèses avec standardisation des données biologiques entre des 
études 
Dans le but de réaliser la revue des données publiées sur la relation entre l’exposition aux BPC 
et différents effets sur la santé, des approches de standardisation des bioindicateurs 
d’exposition ont été développées dans les études suivantes : Longnecker (2001), Longnecker 
et al. (2003), Hagmar (2003) et Toft et al. (2004).  
 
Longnecker (2001) a tenté de standardiser les données d’exposition aux BPC d’un ensemble 
d’études publiées sur la relation entre des concentrations biologiques de BPC mesurées et 
divers effets (altérations de la glande thyroïde, systèmes reproducteur et immunitaire ou 
encore certains cancers). Une analyse de la relation entre les concentrations biologiques 
standardisées et les effets sur le poids à la naissance a ensuite été réalisée sur la base de huit 
études et pour la fonction thyroïdienne chez la femme enceinte ou le nouveau-né selon six 
études. Pour standardiser les bioindicateurs de la charge corporelle de BPC entre les études 
revues, l’auteur a ré-exprimé les concentrations moyennes ou médianes rapportées pour le 
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congénère BPC 153 en termes de microgramme de BPC totaux par litre de sérum sanguin. 
Pour chacune des études revues, des calculs d’ajustement spécifiques ont été obtenus à partir 
d’une ou plusieurs études publiées. Les analyses réalisées dans les différents laboratoires ont 
notamment été considérées dans la procédure de standardisation des données biologiques de 
certaines études revues. La standardisation des mesures biologiques entre les études par 
l’approche de Longnecker et al. (2001) nécessitait toutefois la disponibilité des concentrations 
biologiques du BPC 153, des BPC totaux ou de la proportion du groupe de BPC mesuré dans 
les BPC totaux, ce qui n’est pas le cas pour beaucoup d’études.  
 
Dans une même perspective, Longnecker et al. (2003) ont comparé les niveaux biologiques de 
BPC répertoriés dans dix études portant sur l’effet de l’exposition à de faibles doses de BPC 
sur le développement mental et moteur de l’enfant. Les auteurs ont émis l’hypothèse qu’en 
rendant les niveaux d’exposition aux BPC directement comparables entre les études, les 
résultats de leur analyse permettraient de mieux vérifier la relation entre ces contaminants et 
les effets sur le développement neurologique. Longnecker et al. (2003) ont alors combiné 
l’ensemble des données originales publiées en se basant, d’une part, sur les analyses réalisées 
dans les différents laboratoires et, d’autre part, sur des calculs à partir de données publiées. Le 
principal paramètre de cette comparaison était le niveau médian du congénère de BPC 153 
dans les lipides du sérum maternel pendant la grossesse. De plus, les mesures biologiques pour 
les cohortes du Michigan et de la Caroline du Nord, obtenues avec la chromatographie en 
phase gazeuse sur colonne remplie, ont été converties en un équivalent en termes d’analyse 
avec la chromatographie en phase gazeuse sur colonne capillaire en appliquant un facteur de 
conversion. Les résultats obtenus dans cette étude fournissent une estimation de la 
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concentration médiane du congénère de BPC 153 dans les lipides du sérum maternel dans les 
études revues. L’approche employée ne permet pas de comparer les niveaux biologiques entre 
l’ensemble des études publiées entre les BPC et un effet ciblé. L’application de cette méthode 
de standardisation nécessite en effet la disponibilité de la concentration des BPC totaux ou du 
BPC 153 ou encore de la proportion du BPC 153 par rapport au groupe de congénères mesuré. 
 
Hagmar (2003) a aussi réalisé une revue des études publiées sur la relation entre l’exposition 
aux BPC et le taux des TH ainsi que TSH dans différents groupes de la population (i.e., 
nouveau-nés et enfants jusqu’à l’âge d’un an, les adolescents, les adultes) en appliquant une 
procédure de standardisation pour les niveaux de bioindicateurs de la charge corporelle 
décrits. Dans cette perspective, il a estimé une médiane pour la charge corporelle relative 
(RBB) de BPC à travers 13 études. Toutefois, l’approche développée par Hagmar (2003) 
utilise comme référence les concentrations de BPC rapportées dans l’étude de Koopman-
Esseboom et al. (1994). Les concentrations dans cette cohorte sont exprimées en TEQ et 
Hagmar (2003) ne fournit pas une équivalence à la concentration de référence (RBB = 1) 
exprimée en termes de poids humide ou ajustée aux lipides dans une matrice biologique. De 
plus, la cohorte néerlandaise pourrait être exposée à des niveaux plus élevés de PCDD que 
d’autres cohortes (Longnecker et al., 2000), de sorte que ces derniers deviennent un facteur de 
confusion important dans l’étude de l’association entre l’exposition aux BPC et les effets 
potentiels.  
 
Toft et al. (2004) ont revu quant à eux les données épidémiologiques publiées portant sur la 
relation entre l’exposition à des composés organochlorés persistants, dont les BPC, et la 
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reproduction. Des facteurs de standardisation ont été établis à partir de trois études dans 
lesquelles les concentrations des BPC ont été mesurées dans plusieurs matrices (ATSDR, 
2000; Hagmar et al., 2001; Rylander et al., 1998). Ces facteurs tenaient compte de la 
proportion relative de la concentration du BPC 153 par rapport à celle des BPC totaux (d’après 
l’étude d’Hagmar et al. (2001)), de la concentration plasmatique des BPC ajustée aux lipides 
par rapport à celle exprimée en termes de poids humide (selon Rylander et al. (1998)) et de la 
concentration relative des BPC dans les différentes matrices biologiques (selon l’étude de 
l’ATSDR (2000)).  
 
Une approche analogue a été employée par Boucher et al. (2009) et les concentrations 
standardisées obtenues pour les dix études revues par Longnecker et al. (2003) ont été 
employés. L’étude menée par Boucher et al. (2009) avait pour objectif de réaliser une revue de 
la littérature des études publiées afin d’identifier le profil cognitif qui serait associé à 
l’exposition prénatale aux BPC. Boucher et al. (2009) ont comparé des effets potentiels des 
BPC sur la fonction cognitive ou motrice en se basant sur les résultats rapportés dans la 
littérature pour différents tests neuropsychologiques ou différentes fonctions intellectuelles. 
Boucher et al. (2009) ont observé une constance entre les données épidémiologiques se 
rapportant à la fonction exécutive. Pour ces auteurs, l’exposition prénatale aux BPC semble 
être liée à des déficiences cognitives précises et l’absence de l’évaluation de telles fonctions 
pourrait expliquer l’absence d’associations observée entre les BPC et des effets 
neuropsychologiques dans certaines études. Cependant, l’approche employée dans l’étude de 
Boucher et al. (2009) ne permet pas de faire une analyse de la relation « concentration 
biologique des BPC – altération de la fonction exécutive » à partir des études revues.  
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Il ressort de l’analyse de ces différentes revues que les résultats obtenus dans les études de 
Longnecker (2001) et Longnecker et al. (2003) permettent de comparer globalement les 
niveaux d’exposition entre certaines études. Toutefois, l’absence de données sur les niveaux 
de BPC 153, de BPC totaux ou du rapport de BPC 153 sur BPC totaux dans plusieurs études 




1.3  Problématique de recherche 
Les biphényles polychlorés (BPC) font partie des contaminants de l’environnement qui ont 
suscité le plus d’intérêt en santé publique ces dernières décennies. Ils sont persistants dans 
l’environnement, omniprésents dans la chaîne alimentaire et présentent une propension à la 
bioaccumulation dans le corps humain. Même si leur production et leur utilisation sont 
interdites depuis la fin des années soixante-dix, la population générale continue à être exposée 
à ces contaminants par l’alimentation. Le transfert des BPC de la mère vers le fœtus ou le 
nourrisson est aussi possible et se fait par le placenta ou le lait maternel. De plus, des études 
épidémiologiques réalisées dans la population générale de plusieurs pays ont montré un lien 
entre l’exposition aux BPC et des effets toxiques chez des groupes potentiellement exposés. 
Compte tenu de cette situation, l’exposition de la population générale aux BPC inquiète 
toujours la communauté scientifique et laïque. De nombreux chercheurs continuent à mener, 
depuis plusieurs décennies, des études épidémiologiques pour évaluer les effets potentiels sur 
la santé associés à l’exposition aux BPC, en particulier les altérations du développement 
psychomoteur et mental de l’enfant et de la fonction thyroïdienne. Malgré le nombre 
considérable d’études épidémiologiques réalisées, la relation entre l’exposition aux BPC et ces 
effets n’a pas encore été clairement établie.  
 
Un premier élément qui explique cette situation est la différence entre les bioindicateurs 
d’exposition employés (différents congénères de BPC mesurés et différentes matrices 
biologiques ou unités de mesure), ce qui empêche la comparaison directe des relations 
« concentrations biologiques – effets » entre les études. Il manque donc aujourd’hui une 
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approche de standardisation des données biologiques applicable à l’ensemble des études 
épidémiologiques publiées, quels que soient les congénères de BPC mesurés, la matrice 
biologique ou l’unité de mesure.   
 
De plus, afin de vérifier si les résultats de l’ensemble des études épidémiologiques sur le sujet 
permettent d’établir avec un degré de confiance acceptable un lien de causalité entre 
l’exposition aux BPC et les effets étudiés, il apparaît essentiel d’appliquer des critères 
reconnus en épidémiologie pour juger de la possibilité d’une telle association causale. C’est la 
raison pour laquelle nous utiliserons dans cette recherche les critères proposées en 1965 par 
Bradford Hill à cette fin et largement utilisés depuis sa publication (Hill, 1965). À notre 
connaissance, une telle approche n’a pas encore été conduite pour étudier le lien entre 
l’exposition aux BPC et des effets toxiques.   
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1.4  Hypothèse de recherche et objectifs 
1.4.1  Hypothèse de recherche 
L’application systématique des critères de Hill à l’ensemble des études épidémiologiques qui 
ont analysé l’effet des BPC sur le développement de l’enfant ou sur sa fonction thyroïdienne 
ainsi que la standardisation des mesures d’exposition étudiées dans ces études conduiront à 
juger, avec une degré de confiance acceptable, la présence ou l’absence d’un lien de causalité 
entre l’exposition aux BPC de la mère durant la grossesse et ces effets chez les enfants après la 
naissance. Cette démarche permettra également la détermination d’une concentration 
biologique de référence en BPC visant à prévenir ces effets toxiques chez l’humain. 
1.4.2  Objectif général  
Analyser la relation « concentration biologique de BPC – effet » entre l’exposition aux BPC 
de la mère pendant la grossesse et le développement mental et moteur de l’enfant ainsi que les 
paramètres de la fonction thyroïdienne chez la femme enceinte et le nouveau-né à partir d’une 
analyse systématique des études épidémiologiques disponibles en standardisant les données 
biologiques entre les études. 
1.4.3  Objectifs spécifiques 
1) Recenser les études épidémiologiques portant sur l’évaluation des effets des BPC sur, 
d’une part, le développement mental et moteur de l’enfant et, d’autre part, la fonction 
thyroïdienne chez la femme enceinte et le nouveau-né en fonction d’indicateurs 
biologiques de la charge corporelle en BPC;   
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2) Développer une méthode de standardisation pour les différents indicateurs biologiques de 
la charge corporelle employés dans les diverses études afin de permettre une évaluation 
standardisée de la relation « concentration biologique des BPC – effet ciblé » rapportée; 
3) Établir, à partir des résultats observés dans des études épidémiologiques publiées, la 
relation « concentration biologique standardisée – réponse  » entre les indicateurs 
biologiques de la charge corporelle en BPC de la mère pendant la grossesse et le 
développement mental et moteur de l’enfant, d’une part, et les paramètres de la fonction 
thyroïdienne chez la femme enceinte et le nouveau-né, d’autre part;  
4) Vérifier s’il est possible d’établir un lien de cause à effet entre l’exposition aux BPC et les 
effets ciblés sur la base de critères établis à cet effet; 
5) Déterminer les concentrations biologiques de BPC en dessous desquelles le risque d’effets 
sur le développement de l’enfant ou la fonction thyroïdienne chez la femme enceinte et le 
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2.1  Abstract 
Impact of prenatal PCB exposure on birth weight was investigated in various children cohorts 
and findings of published studies show inconsistencies. Because a direct comparison of results 
obtained from different studies remains difficult, the “biological concentration – birth weight” 
relationship is not clearly established. The objective of this research was to perform a 
systematic analysis of published epidemiological data to reassess relationship between 
prenatal PCB exposure and low birth weight, using toxicokinetic considerations and a novel 
standardization procedure of biological concentration data across studies. A systematic 
analysis of 20 epidemiological studies published up to 2011 on this topic was conducted. This 
was achieved through a standardization of reported exposure data in terms of total PCBs per 
kg of lipids in maternal plasma. Systematic analysis of the “standardized biological 
concentration – birth weight” relationship across studies was then conducted through the 
application of Hill criteria. Combining results of all 20 reviewed studies did not allow to 
establish an association between prenatal exposure to PCBs at the described levels and 
abnormal birth weight (< 2500 g). Our approach provides a framework for the use of 
published data to establish “PCB biological concentration – response” relationships. 
 
 
Keywords: PCBs; birth weight; exposure standardization; Hill criteria; “biological 
concentration – response” relationship. 
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2.2  Introduction 
Polychlorinated biphenyls (PCBs) are persistent organic pollutants (POPs) ubiquitously 
present in ecosystems. Due to their slow biotransformation, they are slowly eliminated from 
the human body and given their high lipophilicity, they concentrate in lipidic components of 
the body (adipose tissues, blood lipids and maternal milk). Most congeners found today in 
human biological matrices have biological half-lives in the order of years (Carrier et al., 2006; 
Grandjean et al., 2008) and thus are still detected in animal and human body (Erickson, 2001), 
although their production and use have been banished in most industrialized countries in the 
late 1970s.  
 
PCB exposure occurs initially during prenatal development via placental transfer and during 
the first months of life through breast-feeding. Postnatal PCB exposure in humans occurs 
mainly through dietary intake and ingestion of animal fat (Brouwer et al., 1998a; Carrier et al., 
2006). Consequently, more than two decades after their production was banned, PCB exposure 
remains a current public health concern throughout the world. PCB exposure has been 
associated with adverse effects on the nervous, endocrine, immunological and reproductive 
systems of animals and humans (ATSDR, 2000; WHO, 1993). However, inter-species 
variations in their toxicity limit animal-to-human extrapolation of data (Faroon et al., 2001; 
Kimbrough and Krouskas, 2001). Scientists and several governmental agencies therefore rely 
on epidemiological studies to assess links between prenatal or postnatal PCB exposure and 
adverse health effects (WHO, 1993).  
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Despite the large number of scientific publications on PCBs (more than 10000 between 1967 
and 1999 according to Erickson (2001)), “biological concentration – response” relationships 
between PCB exposure and adverse health effects in the general population are not fully 
established (Kimbrough and Krouskas, 2003). Reviews of epidemiological data highlighted 
studies reporting toxic effects associated with PCB exposure and others failing to find any 
associations (Boucher et al., 2009; Faroon et al., 2000; Faroon et al., 2001; Jorissen, 2007; 
Kimbrough and Krouskas, 2001; Korrick, 2001; Korrick and Sagiv, 2008; Ribas-Fito, 2001; 
Schantz et al., 2003; Winneke et al., 2002).  
 
In particular, the impact of prenatal PCB exposure on birth weight was investigated in various 
children cohorts. Some studies revealed a significant association between an increase in 
biological PCB concentrations among mothers and lowered weight in newborns (Fein et al., 
1984; Halldorsson et al., 2008; Hertz-Picciotto et al., 2005; Karmaus and Zhu, 2004; Patandin 
et al., 1998; Rylander et al., 1998; Sagiv et al., 2007; Sonneborn et al., 2008; Tan et al., 2009; 
Wojtyniak et al., 2010), while others failed to observe any significant association (Gladen et 
al., 2003; Grandjean et al., 2001a; Konishi et al., 2009; Lamb et al., 2006; Longnecker et al., 
2005; Murphy et al., 2010; Rogan et al., 1986a; Vartiainen et al., 1998; Weisskopf et al., 2005; 
Wolff et al., 2007).  
 
Birth weight is an important determinant of newborn health and survival. Low birth weight, 
generally defined as a weight of less than 2500 g, was associated with an increased risk of 
morbidity and mortality in the first year of life (Kramer, 1987). Some epidemiological studies 
have linked low birth weight (defined as weight lower than 2000 to 2750 g) with an increase 
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in behavioural, cognitive and psychiatric outcomes in preschool and school age children 
(Dombrowski et al., 2007; Elgen et al., 2002), increased risk of cardiovascular diseases in 
children (Jiang et al., 2006; Mitchell et al., 2008), and higher adult mortality (Baker et al., 
2008). 
  
However, a comparison between these studies cannot be made directly because prenatal PCB 
exposure was not uniformly expressed; there are variations across studies in PCB congeners or 
group of congeners measured, biological matrices sampled (maternal or umbilical blood or 
serum, maternal milk) or units chosen to express biological results (e.g., μg/L versus μg/kg of 
lipids). Henceforth, such as presented in the current scientific literature, the epidemiological 
data do not allow to establish a clear “biological concentration – response” relationship 
between PCB exposure and birth weight. To facilitate comparison of birth weight results from 
the various published studies, concentrations of PCBs measured in the different biological 
matrices and used as bioindicators of exposure must be standardized. 
 
To our knowledge, four reviews have proposed approaches of standardization of PCB 
exposure in an attempt to establish “biological concentration – response” relationships related 
to PCB exposure: Hagmar (2003), Longnecker (2001), Longnecker et al. (2003) and Toft et al. 
(2004). Different approaches were used in these studies to express bioindicators of PCB body 
burden in a uniform manner between reviewed studies. Hagmar (2003) proposed a relative 
body burden (RBB) for each study population, and, as reference, an RBB of 1 was attributed 
to the median PCB body burden in women participating in Koopman-Esseboom et al. (1994) 
study. However, since the main contributor of PCB exposure in the Dutch cohort is the 
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industrial use of these contaninants in the past, it is expected that the distribution of congeners 
measured in this cohort may not represent that of general populations of the other cohorts.  
 
Longnecker (2001) and Longnecker et al. (2003) considered conversion factors to account for 
differences in analytical methods used between studies and to standardize PCB biological 
levels across studies. Longnecker (2001) expressed median or mean concentrations reported in 
several studies for PCB 153 congener or for total PCBs in terms of micrograms of total PCBs 
per liter of maternal serum (µg/L). For studies that quantified one or several PCB congeners, 
total PCB levels were estimated assuming that the proportion of PCB 153 represents 25% of 
total PCBs. Based on harmonized biological data, Longnecker (2001) then reviewed 
reproductive and other human health effects of PCBs including birth weight.  
 
To compare PCB levels from ten published studies on PCBs and neurodevelopment, 
Longnecker et al. (2003) also used as a primary endpoint median level of PCB 153 congener 
in maternal serum during pregnancy. This concentration was expressed in micrograms per 
kilogram of lipids (µg/kg lipids). Furthermore, in the Michigan and North Carolina cohorts, 
biological samples were analyzed by an analytical method different from the one used in the 
other studies (i.e., original packed-column gas chromatography method as compared to a high 
resolution method). Based on a comparison of results with the two methods, Longnecker et al. 
(2003) set the ratio of total PCBs quantified by the high resolution method compared to the 
original packed column method to 1.1 in the Michigan cohort and to 0.38 in North Carolina 
cohort. The approaches proposed by Longnecker (2001) and Longnecker et al. (2003) are 
applicable to studies with available measurements of PCB 153 or total PCBs, which is not the 
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case for all epidemiological studies (Konishi et al., 2009). Moreover, the relative proportion of 
PCB 153 among the groups of congeners quantified is needed but generally not reported. 
 
Toft et al. (2004) conducted a review of data from eight epidemiological studies on the effects 
of persistent organochlorine compounds on human reproduction including effects of PCB 
exposure on birth weight. These authors derived conversion factors on the basis of data from 
three studies in which PCB concentrations were reported in several tissues: 1) PCB 153 
concentration was estimated to represent 28% of total PCB concentration, based on Hagmar et 
al. (2001); 2) the lipid adjusted PCB concentration was taken to be about 400 times higher 
than plasma wet weighted concentration as reported in Rylander et al. (1998); 3) the 
concentration in breast milk was considered 150 times greater than in maternal serum and the 
concentration in cord serum 50% less than in maternal serum based on Faroon and Olson  
(2000). However, again to use this approach, biological concentrations of PCB 153 or that of 
total PCBs need to be known, which is not the case for all published studies. Comparison of 
results published over the last decade on the relationship between prenatal PCB exposure and 
birth weight could be improved by using an approach that can integrate a larger number of 
studies and by conducting a systematic analysis of published data. 
 
The overall objective of this research was to perform a systematic analysis of published 
epidemiological data to reassess the relationship between PCB prenatal exposure and low birth 
weight, using toxicokinetic considerations and a novel standardization procedure of biological 
exposure data across studies.  
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2.3  Methodology 
The steps followed for this systematic analysis were: i) the identification of relevant 
epidemiological studies investigating the effects of PCBs on birth weight; ii) the establishment 
of a method for the standardization of the various biological indicators of PCB body burden 
measured in the various studies; iii) the verification of a possible causal relationship between 
PCB biological levels and birth weight based on criteria recognized for this purpose; iv) the 
establishment of the “standardized biological concentration – response” relationship for the 
observed effect; v) the determination of a standardized biological concentration of PCBs 
below which the risk of low birth weight would be negligible. 
2.3.1  Identification of epidemiological studies published on the topic 
A complete bibliographical review was conducted on epidemiological studies published until 
2011 regarding effects of PCBs on birth weight. In this review, databases such as Medline, 
PubMed, Toxline, Poltox and Current Contents were consulted. Our search strategy was 
limited to English or French articles and combined the following keywords: polychlorinated 
biphenyls, PCBs, birth weight, prenatal exposure, neonatal outcomes and humans. The 
published studies were included in this research if: i) they have been published in peer-review 
journals and ii) they have analyzed the relationship between PCB concentrations (e.g., total 
PCBs, specific congeners or groups of congeners) in any biological matrix and birth weight. 
Published studies were excluded if: i) they have focused on Yusho (Japan) or Yucheng 
(Taiwan) diseases, as the toxic effects seen in these populations have been mainly attributed to 
furans (Buser and Rappe, 1979); ii) they have been conducted among workers in industries 
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that used or manufactured PCBs. These studies were excluded since the exposure conditions 
did not correspond to those of the general population. 
2.3.2  Standardization of bioindicators of PCB body burden across studies 
The PCB biological concentrations reported in the various studies were initially converted to 
total PCB equivalents in the original matrix of measurement (maternal plasma or blood, 
umbilical cord plasma or blood, breast milk). Mean concentration ratios of given PCB 
congeners to total of the 40 PCB congeners measured in breast milk of Canadian women by 
Newsome et al. (1995) were used as a reference for the conversion to total PCBs in order to 
ensure equivalence among the various congeners measured in the different studies. It was thus 
assumed that the ratio of each congener in any matrix, adjusted for lipid contents, was the 
same as the ratio reported in breast milk lipids, based on a steady-state assumption among 
body lipids. For example, if PCB exposure was evaluated in one epidemiological study by 
measuring only congeners 118, 138, 153 and 180 in plasma lipids, a multiplier of 2.3 was 
applied to the reported concentrations given that Newsome et al. (1995) showed that the 
concentration of total PCBs was 2.3 times the sum of average concentrations of these four 
congeners. Concerning laboratory techniques, as was done by Longnecker et al. (2003), two 
additional factors, 1.1 and 0.38, were used to convert the packed column results to high 
resolution capillary column gas chromatographic results in the Michigan and North Carolina 
cohorts, respectively.  
 
As a second step, plasma or blood volume-weighted PCB concentrations were converted to 
plasma lipid-adjusted concentrations using different conversion and adjustment factors 
established from published studies (Table 1). It was assumed that PCBs in the body distributed 
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essentially in lipids (≥ 90%), whatever the type of lipids. According to Wolff (1985), 90% of 
total PCBs in blood is distributed in lipidic components. Concentrations reported in the 
various studies were then translated into total PCB equivalent in maternal plasma per kilogram 
of lipids on the basis of data available in the literature (Table 2).  The term “PCBMPEQ” was 
used to refer to concentrations of total PCB equivalent in maternal plasma and was expressed 
as a function of lipid contents of this matrix (µg PCBMPEQ/kg lipids), to allow comparison 
across studies. To compare exposure distribution between studies, when the range or 95% 
confidence interval was not provided, the 95% confidence interval of PCB exposure was 
derived assuming arithmetic mean ± (2 × standard error).  
2.3.3  Systematic analysis of indexed epidemiological studies 
A systematic analysis of all reviewed studies was performed to verify the plausibility of a 
causal relationship between a higher PCB biological levels and an increase in the incidence of 
low birth weight. As an initial comparison of results observed across studies, summary tables 
presenting the PCB biological concentration data in the same units and matrix as those 
reported in the published articles were established, along with the proposed standardized total 
PCB equivalent concentrations in maternal plasma (µg PCBMPEQ/kg lipids). In a subsequent 
step, to verify a plausible causal relationship, Hill’s criteria (Hill, 1965) were applied 
systematically for all “standardized PCB concentration – effect on birth weight” associations. 
In the present study, the included Hill criteria were: 1) temporal relationship, 2) biological 
plausibility, 3) consistency of the association, 4) dose-response relationship, 5) strength of the 
association, 6) specificity of an association between the agent and a health effect.  
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To assess the strength of the observed associations between prenatal PCB exposure and birth 
weight, the role of potential biases (selection bias, information bias and confounders) as well 
as the probability of occurrence of an effect solely by chance were studied (Rothman, 2002; 
Rothman et al., 2008). Therefore, the following methodological criteria were analyzed 
consistently in the current work for each published study: i) cohort definition; ii) exposure 
assessment; iii) assessment of effect; iv) control of confounding variables; v) statistical 
analysis and vi) precision. Failure to consider some of these factors could strengthen or 
weaken an inference of observed associations between prenatal PCB exposure and birth 
weight.  
 
The criterion “cohort definition” was included to detect a selection bias in each reviewed 
study. For this criterion, two parameters were systematically verified in our analysis: the 
randomization and the response rate of studies (Rothman, 2002; Rothman et al., 2008; 
Swanson et al., 1995). As in Swanson et al. (1995) study, more confidence (plus sign) was 
given to the results if participants were randomly selected in the studied population and if 
study response rate was over 75% (Table 3). 
 
Furthermore,  regarding the “exposure assessment” criterion, higher confidence was given to 
studies that used a direct method of exposure measurement during prenatal period (Table 3), 
as prenatal PCB exposure is a priori considered the causative factor for the observed effect on 
birth weight. For a study to be retained in our systematic analysis, a biological measure of 
prenatal PCB exposure thus needed to be available for all cohorts. However, sampling periods 
of biological measures may not correspond to those of pregnancy. In some cases, exposure 
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levels during pregnancy were inferred from measurements taken at other periods in life such 
that less confidence (minus sign) was given to such results (Table 3).  
 
Concerning the “assessment of effect”, more confidence was given to studies reporting birth 
weights taken from hospital delivery records or based on measurements taken by midwives 
who attended the child birth. As self reported birth weight is potentially subject to bias, less 
confidence was assigned to this criterion if birth weigth was provided by questionnaire 
distributed to participating mothers (Table 3). However, +/- sign was assigned as mothers 
usually know the birth weight of their children, and there is no incentive for them to over- or 
under-report birth weights (Table 3).  
 
Confounding variables may also induce a systematic error and provide inaccurate estimates of 
PCB effect on birth weight. Potential counfounding factors include: infant gender, parity, 
pregnancy interval, maternal age, weight and height, pregnancy weight gain, paternal weight 
and height, gestational age, maternal smoking and drinking status, ethnic origin, and 
socioeconomic status (Kramer, 1987). Also, other chemicals which are found in the same 
biological matrices as PCBs are known to affect birth weight and could be probable 
confounders. It is the case of polychlorodibenzofurans (PCDFs), polychlorodibenzodioxins 
(PCDDs), dichlorodiphenyl dichloroethylene (DDE) and methylmercury (Grandjean et al., 
2001b; Konishi et al., 2009; Longnecker et al., 2001). Ideally, study of birth weight effects 
related to environmental contaminant exposure should control for all these variables.  
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To verify the possibility of a significant effect due to a non uniform distribution of these 
confounders between the studied groups (non exposed and exposed groups), in the current 
systematic analysis, the confounders were grouped in four categories: maternal characteristics, 
newborn characteristics, socio-economic status and exposure to other environmental 
contaminants. When assessing the degree of confidence that can be given to results reported in 
the reviewed studies, less confidence was assigned to the methodological criterion “control of 
confounding variables” if statistical results were not adjusted for one or more of the four 
categories of confounding factors. Conversely, higher confidence was given to this criterion in 
the case of adjustments that took into account the four categories (Table 3). On the other hand, 
considering that populations are concomitantly exposed to PCBs and other strongly correlated 
substances such as dioxins, furans, DDE or other halogenated pesticides (Gladen et al., 1999; 
Longnecker et al., 2000; Schlumpf et al., 2010), higher confidence was given if there was an 
adjustment for at least one of these potential co-exposures. Also, confidence was assigned to 
studies that investigated birth weight effects of PCBs together with those of at least one of 
potentially correlated contaminants. 
 
Regarding “statistical analysis”, two methods are commonly used in studies to control for 
confounding variables: stratification or multivariate analysis. As stratification requires a large 
number of categories, the use of a multivariate analysis model is usually conducted to control 
for multiple factors (Rothman, 2002; Rothman et al., 2008). A high degree of confidence was 
assigned to results of studies that used multivariate analysis to evaluate the association 
between PCBs and birth weight (Table 3). 
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Finally, with regard to the “precision of results” criterion, to evaluate the probability that some 
of the reported significant results (as established by p-value and confidence interval) may 
result from chance alone, the significance of an association between PCB exposure and birth 
weight was assessed. Given that confidence interval assesses both strength and precision of an 
association contrary to p value (Rothman, 2002; Rothman et al., 2008), a higher confidence 
was given to studies using confidence intervals when assessing the statistical significance of 
the observed effect (Table 3). Associations between PCB exposure and birth weight were 
considered statistically significant at p < 0.05.  
 
The systematic analysis of several epidemiological studies allowed verifying ultimately if the 
observed association between prenatal PCB exposure and birth weight across the reviewed 
studies was plausible. Combining all studies, it was possible to verify whether a “standardized 
biological concentration – response” relationship could be established. This type of systematic 
analysis allowed establishing the highest biological concentration of total PCB equivalent 
(expressed in plasma lipids) for which a significantly lowered birth weight was not observed. 
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2.4   Results and discussion 
2.4.1  Reviewed epidemiological studies  
A total of 20 epidemiological studies that attempted to relate biological markers of prenatal 
PCB exposure with birth weight were identified in this research. General characteristics of 
these studies are given in Tables 4, 5 and 6. These studies were conducted between 1984 and 
2010 and biological specimens were collected between 1959 and 2004 in the United States (10 
studies), Europe (8 studies) and Asia (2 studies).  
2.4.2  Standardization of bioindicators of PCB body burden across studies 
In all published studies, measurements of PCBs in maternal and umbilical cord blood or 
plasma, and in samples of breast milk taken after birth were used as surrogates for prenatal 
PCB exposure. Tables 4, 5 and 6 also present biological concentrations in the different studied 
populations expressed in the reported units along with values standardized in terms of µg 
PCBMPEQ/kg lipids. Median or mean concentrations of PCBMPEQ in the 20 studies ranged from 
44 to 1600 µg/kg lipids and exposure intervals overlapped between studied cohorts. The 
concentrations reported by Grandjean et al. (2001a) are the only ones that have not been 
standardized because PCB levels have been expressed as the total of 28 congeners in maternal 
plasma lipids, which may be considered as equivalent to total PCB exposure (PCBMPEQ). 
Concerning Karmaus and Zhu (2004) study, the weighted value of PCBMPEQ concentrations 
could not be estimated since PCB measurements were based on the Aroclor 1260 (AR 1260) 
standard. In the current analysis, the measures reported by the latter authors were adjusted for 
lipid contents in this matrix and were noted as PCBAr 1260/kg lipids. Given that AR 1260 
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standard does not detect all PCB congeners (Safe, 1994), it can be assumed that the real values 
of total PCB concentrations in lipids would exceed the considered weighted concentrations. 
 
Furthermore, regarding laboratory techniques, modern high resolution methods were used in 
17 of the reviewed studies to measure PCBs in biological matrices (i.e., gas chromatography/ 
electron capture detection or mass spectrometry). In three studies, a packed column gas 
chromatography technique was used (Fein et al., 1984; Karmaus and Zhu, 2004; Rogan et al., 
1986a). For two of the latter studies (Fein et al., 1984; Rogan et al., 1986a), the conversion 
factor proposed by Longnecker et al. (2003) was used for comparison of packed column gas 
chromatography data with modern high resolution method results. For the third study of 
Karmaus and Zhu (2004), data are lacking to determine whether PCB levels obtained by this 
method underestimates or overestimates what would have been obtained by a modern high 
resolution method.  
2.4.3  Systematic analysis of indexed epidemiological studies 
The systematic analysis of selected epidemiological studies was performed to: i) verify the 
possibility of a causal relationship between prenatal PCB exposure and birth weight using 
criteria suggested by Hill (1965), and ii) propose a biological concentration (expressed in µg 
PCBMPEQ/kg lipids) below which the risk of low birth weight would probably be negligible.  
 
In the reviewed studies, birth weight was generally measured as a continuous variable. 
Rylander et al. (1998) were the only ones to have considered this effect as a clinical outcome. 
In this case-control study, the cases were comprised of mothers who had children with birth 
weights between 1500 and 2750 g and the control group included mothers of newborns with 
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weights ranging from 3250 to 4500 g. To analyze the “biological concentration – response”, 
some studies compared mean birth weight between categories of PCB exposure, while others 
provided a β coefficient of the decrement in birth weight as a function of PCB exposure. In the 
particular case of Hertz-Picciotto et al. (2005) study, mean difference in birth weight between 
the 10th and the 90th percentile of PCB exposure was reported but concentration values were 
not provided for these percentiles. As a rough estimation of PCB exposure levels in the latter 
study, the reported median value for the whole group was thus used in our systematic analysis. 
It is clear that a realistic value (90th percentile) would be greater than the median of exposure 
distribution.  
2.4.3.1  Temporal sequence 
Since their use in 1930, PCBs are present in all human beings; exposure occurs throughout 
intra-uterine development and continues mainly trough the diet during the whole lifespan. 
Additionally, given that their biotransformation is extremely slow (half-life of years for most 
congeners found today in the environment), PCBs are persistent compounds in the human 
body (Carrier et al., 2006; Grandjean et al., 2008). Established kinetics for PCBs have shown 
that measurement of PCB concentrations in biological matrices at given points in time 
provides an estimate of body burden resulting from prior exposure, which can date as far back 
as ten years (Carrier et al., 2006). Because PCB levels measured in maternal biological 
matrices reflect exposure before pregnancy, the temporal sequence between exposure to PCBs 
and the associated effects on birth weight is systematically followed.  
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2.4.3.2  Biological plausibility 
Thyroid and sex steroids hormones are known to be very important for normal development; 
prenatal period is thus a critical window for hormonal fluctuations. On the other hand, it is 
now known that PCBs exhibit hormone-like activities and can interfere with hormonal systems 
during foetal and neonatal life through a variety of mechanisms, such as disruption of 
hormonal homeostasis (by interfering with neurotransmitter levels and metabolism) and of 
hormonal transport (by binding to proteins and receptors of target organs) (ATSDR, 2000; 
Brouwer et al., 1999; Brouwer et al., 1998b; Parent et al., 2011). As stated in the latter studies, 
it is therefore biologically plausible that prenatal exposure to PCBs can disturb newborn and 
children development. 
2.4.3.3  Consistency between studies 
To assess consistency between studies, results of the observed associations between PCBs and 
birth weight in each of the retained studies are also summarized in Tables 4, 5 and 6. In 
addition, to facilitate overall analysis of these results, a synthesis of the significant 
associations between standardized prenatal PCB concentrations in maternal plasma (µg 
PCBMPEQ/kg lipids) and birth weight among the reviewed epidemiological studies is presented 
in Table 7. Statistically significant inverse associations between PCB concentrations and birth 
weight have been reported in ten studies (Fein et al., 1984; Halldorsson et al., 2008; Hertz-
Picciotto et al., 2005; Karmaus and Zhu, 2004; Patandin et al., 1998; Rylander et al., 1998; 
Sagiv et al., 2007; Sonneborn et al., 2008; Tan et al., 2009; Wojtyniak et al., 2010), whereas 
ten other studies reported a lack of significant negative association (Gladen et al., 2003; 
Grandjean et al., 2001a; Konishi et al., 2009; Lamb et al., 2006; Longnecker et al., 2005; 
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Murphy et al., 2010; Rogan et al., 1986a; Vartiainen et al., 1998; Weisskopf et al., 2005; 
Wolff et al., 2007). More specifically, among the ten latter studies, a non significant negative 
association between PCB exposure and birth weight was reported in three studies (Konishi et 
al., 2009; Lamb et al., 2006; Murphy et al., 2010), no association was found in five studies 
(Gladen et al., 2003; Grandjean et al., 2001a; Rogan et al., 1986a; Vartiainen et al., 1998; 
Wolff et al., 2007), and a positive association was observed in two studies (Longnecker et al., 
2005; Weisskopf et al., 2005).  
 
Comparison of study results showing significant associations between increasing prenatal PCB 
exposure (expressed as µg PCBMPEQ/kg lipids) and a lower birth weight was performed based 
on: i) the magnitude of the decrease in birth weight and ii) PCB exposure levels.  Studies of 
Karmaus and Zhu (2004) and Hertz-Picciotto et al. (2005) showed the highest change in birth 
weight between categories of PCB exposure (-500 approximately and -290 g, respectively) 
(Table 7). Birth weight in the exposed groups of the other studies was on average 85 to 165 g 
less than in the non exposed groups. In six studies, this significant association was observed 
only when exposure levels were above the 1000 µg PCBMPEQ/kg lipids threshold (Fein et al., 
1984; Hertz-Picciotto et al., 2005; Karmaus and Zhu, 2004; Patandin et al., 1998; Rylander et 
al., 1998; Sonneborn et al., 2008), while this relationship was obtained at concentrations below 
350 µg PCBMPEQ/kg lipids in two other studies (Halldorsson et al., 2008; Sagiv et al., 2007). In 
the two remaining studies, a threshold level of prenatal PCB exposure above which a 
significant decrease in birth weight can be observed has not been established (Tan et al., 2009; 
Wojtyniak et al., 2010) (Table 7).   
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Results of the six studies showing a decrease in birth weight at biological concentrations 
higher than 1000 μg PCBMPEQ/kg lipids can be summarized as follows. In the Michigan 
cohort, Fein et al. (1984) reported a decrease of an average of 160 g in the birth weight of 
newborns from the “exposed group” (≥ 1920 µg PCBMPEQ/kg lipids) compared with those of 
the “reference group” (< 1920 µg PCBMPEQ/kg lipids). In the Dutch study of Patandin et al. 
(1998), multiple regression analysis showed that prenatal PCB exposure, estimated from 
concentrations in the umbilical plasma, was negatively associated with birth weight (p = 
0.027). Also, infants with median and high cord plasma PCB levels (50th percentile = 547 µg 
PCBMPEQ/kg lipids and 90th percentile = 1068 µg PCBMPEQ/kg lipids) weighed respectively 86 
and 165 g less than infants with low cord plasma PCB levels (10th percentile = 267 µg 
PCBMPEQ/kg lipids) (p value not available). However, the association was not statistically 
significant when PCB exposure was estimated in maternal plasma (p = 0.057). As for the case-
control study conducted by Rylander et al. (1998), since blood samples were collected in 1995 
from mothers who had given birth between 1973 and 1991, concentrations during the year of 
childbirth were estimated using a kinetic model. Considering a yearly reduction of PCB levels 
in fish of either 3% or 5%, results of Rylander et al. (1998) would indicate that estimated 
prenatal PCB exposure over 1863 or 2484 µg PCBMPEQ/kg lipids, respectively, increases the 
risk of being born with a low birth weight. It is worth noting that confidence intervals for odd 
ratios (ORs) included the value 1 (Table 4), and therefore, on the basis of these data, a null 
hypothesis cannot be discarded. Finally, Karmaus and Zhu (2004) reported a lower birth 
weight of approximately 500 g in offsprings of mothers with highest serum PCB 
concentrations (≥ 25 µg/L of Ar 1260 assumed as ≥ 2688 µg PCBAr 1260/kg lipids), as 
assessed from repeated measurements (p = 0.022); however, the number of subjects in this 
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category was small (n = 7) (Table 4). In the study of Wojtyniak et al. (2010), as assessed by 
multiple regression analysis, an inverse association between PCBs and birth weight was 
reported for exposure ranging from 130 to 3292 µg PCBEQPM/kg lipids (Tables 4 and 7).  
 
In the studies where gender-specific data were given, there were discrepancies in results across 
studies for boys. Hertz-Picciotto et al. (2005) reported that mean difference in birth weight of 
290 g between the 10th and the 90th percentile of PCB exposure (levels are not provided) was 
statistically significant (Tables 5 and 7). This result is in concordance with the findings of 
Sonneborn et al. (2008) but is in contrast with those of Lamb et al. (2006) and Longnecker et 
al. (2005). Based on the fitted regression model, Sonneborn et al. (2008) observed that an 
increase in prenatal PCB levels from the 10th to the 90th percentile in the subgroup of 
Romanian boys (from 339 to 2746 µg PCBMPEQ/kg lipids) was related to a lower predicted 
birth weight of 133 g (3129 vs. 3262 g; p = 0.031) (Tables 6 and 7).  
 
At prenatal exposure lower than 350 μg PCBMPEQ/kg lipids, results obtained by Halldorsson et 
al. (2008), Sagiv et al. (2007) and Tan et al. (2009) also showed a negative association 
between the two parameters, but this differs from previously mentioned studies where 
PCBMPEQ levels in biological matrices were relatively high (i.e., >1000 μg PCBMPEQ/kg lipids). 
In Halldorsson et al. (2008), mean difference in birth weight between the 75th (323 µg 
PCBMPEQ/kg lipids) and the 25th (203 µg PCBMPEQ/kg lipids) percentiles of maternal plasma 
PCB concentrations was -155 g (95% CI = -290 to -19) (Tables 5 and 7). In this cohort, the 
mean value for birth weight was 3580 g (SD: 435 g; range: 2600 – 4580 g). Sagiv et al. (2007) 
also reported an effect of low prenatal PCB exposure on mean birth weight. Adjusted mean 
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birth weights for the 2nd, 3rd and 4th quartiles were compared to the 1st (reference). The 
difference was statistically significant only for the 3rd quartile (Q3: 212-349 µg PCBMPEQ/kg 
lipids vs. Q1: 41 to 140 µg PCBMPEQ/ kg lipids), although exposure levels were much higher in 
the 4th quartile (Q4: 355 to 10560 µg PCBMPEQ/kg lipids) (Table 6 and 7). On the other hand, 
regression analysis conducted by the authors showed no statistically significant trend (p = 
0.43). In Tan et al. (2009), a negative effect of PCBs on birth weight was noted for prenatal 
exposure ranging from 8 to 202 µg PCBMPEQ/kg lipids (Tables 5 and 7).  
 
In contrast, as shown in Table 7, several other studies failed to observe any significant link 
between prenatal PCB exposure and lowered birth weight, although PCB biological levels 
varied over a wide range. The reported concentrations were less than 350 µg PCBMPEQ/kg 
lipids in some studies (Konishi et al., 2009; Vartiainen et al., 1998; Wolff et al., 2007) but in 
others PCB biological levels could exceed 600 and 1000 µg PCBMPEQ/kg lipids (Gladen et al., 
2003; Grandjean et al., 2001a; Lamb et al., 2006; Longnecker et al., 2005; Murphy et al., 
2010; Rogan et al., 1986a; Weisskopf et al., 2005).  
 
In general, comparison of data from the 20 reviewed studies showed some inconsistencies on 
the reported relationship between prenatal exposure to PCBs and birth weight. Given that PCB 
exposure has been standardized between all studies, the observed discrepancies could not be 
attributed conclusively to a difference in biological PCB levels. 
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2.4.3.4  “Concentration – response” gradient 
The existence of a “concentration – response” gradient was analyzed on the basis of the 
“standardized biological concentration – birth weight” relationship across studies and these 
results are presented in Figure 1. Since results included in this paper were obtained in 
populations around the world and birth weight was measured as a continuous variable in most 
of the reviewed studies, “response” in the current work means magnitude of the decrease in 
the average weight of the prenatally exposed newborns. The existence of a “concentration – 
response” gradient across the reviewed studies would necessarily imply that the magnitude of 
the observed effect would be greater in the case of higher prenatal PCB exposure. On the other 
hand, as statistical analyses were performed by considering PCB biological levels either as a 
continuous variable or by grouping them in categories (tertiles, quartiles, etc.), analysis of the 
“concentration – response” gradient across reviewed studies was performed according to the 
description of exposure variable (Figure 2). 
 
While Grandjean et al. (2001a) failed to observe any association between PCB biological 
levels and birth weight, with exposure variable treated both as continuous or categorical, other 
studies with overlapping exposure ranges showed the presence of such relationship 
(Halldorsson et al., 2008; Hertz-Picciotto et al., 2005; Patandin et al., 1998; Sonneborn et al., 
2008 (based on results of the subgroup of Romanian boys)) (Figure 2). In addition, combining 
results of the latter studies did not allow to highlight any clear “concentration-response” 
gradient between an increase in prenatal PCB exposure and a reduction in birth weight (Table 
7). In particular, Halldorsson et al. (2008) found that children in the 75th percentile (323 µg 
PCBMPEQ/kg lipids) had adjusted mean birth weight 155 g lower than to those in the 25th 
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percentile (203 µg PCBMPEQ/kg lipids) (Table 5). A decrease in birth weight of a similar 
magnitude was reported at much higher prenatal PCB concentrations: 1068 µg PCBMPEQ/kg 
lipids (165 g) in Patandin et al. (1998) study and 2746 µg PCBMPEQ/kg lipids in Sonneborn et 
al. (2008) (133 g) for the Romanian boys subgroup (Table 7). Similarly, among boys, a 
"concentration – response" gradient was not evidenced since grouping of Hertz-Picciotto et al. 
(2005) and Sonneborn et al. (2008) results showed that a 2-fold increase in biological levels 
(1030 vs. 2746 µg PCBMPEQ/kg lipids respectively) was not related to a proportionally lowered 
birth weight (decrease of 290 vs. 133 g, respectively) (Table 7). Considering the Swedish 
study of Rylander et al. (1998), an association emerged only by logistic regression analysis; as 
the confidence interval of the ORs, which expressed the risk of lowered birth weight 
associated with prenatal PCB exposure, comprised a value of 1 or had an inferior limit equal 
to 1 (Table 4), these results could not be considered statistically significant. Also, Sagiv et al. 
(2007) observed a lower weight in newborns from the Massachusetts cohort when comparing 
the third quartile of PCB levels (with values ranging from 212 to 349 µg PCBMPEQ/kg lipids) 
with the first quartile used as a reference (41 – 140 µg PCBMPEQ/kg lipids); this was observed 
only for the 3th quartile of exposure and the test for trend was not statistically significant (p = 
0.43; Table 6). 
 
When comparing “concentration – response” gradient between PCB biological levels and birth 
weight among studies where the exposure variable was classified as continuous only, seven 
studies failed to observe such association, although mean or median biological concentrations 
could reach 1351 µg PCBMPEQ/kg lipids (Konishi et al., 2009; Lamb et al., 2006; Rogan et al., 
1986a; Sonneborn et al., 2008 (overall cohort); Vartiainen et al., 1998; Weisskopf et al., 2005; 
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Wolff et al., 2007). Conversely, Tan et al. (2009) and Wojtyniak et al. (2010) observed a 
significantly lower birth weight at lower prenatal PCB concentrations (median = 44 and 683 
µg PCBMPEQ/kg lipids respectively) (Figure 2; Table 7). 
 
When analyzing this gradient across studies where exposure variable was treated as 
categorical only, consistency was first highlighted between Gladen et al. (2003), Longnecker 
et al. (2005) and Murphy et al. (2010) findings; a lack of association was obtained even with 
PCB levels exceeding 852, 714 and 624 μg PCBMPEQ/kg lipids, respectively (Tables 4 and 5). 
A priori, these results do not contradict those reported in the two Michigan cohorts by Fein et 
al. (1984) and Karmaus and Zhu (2004) where a significantly lower birth weight was observed 
in newborns with exposure concentrations greater than 1920 µg PCBMPEQ/kg lipids and 2688 
µg PCBAR 1260/kg lipids, respectively, as compared to those with lower exposure levels 
(Table 4).  
 
In general, as illustrated in Figure 1 and summarized in Table 7, combining all research results 
does not allow for a clearly defined “concentration – response” gradient.  
2.4.3.5  Strength of the association  
The strength of the association between the standardized PCB biological concentrations and 
birth weight across studies was assessed following an analysis of each study using standard 
methodological criteria (Table 3). These standard criteria were used for a systematic 
evaluation of the validity of the observed associations. Results of this systematic analysis are 
shown in Table 8.  
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For “cohort definition” criterion, the different studies were assigned the same rate given that, 
in all cases, individuals were generally not randomly selected (minus sign was assigned to 16 
studies) and the response rates were very low or were not reported (minus sign was assigned to 
9 studies and this variable was not reported in 8 studies). As stated by Gladen et al. (2003), in 
several epidemiological study designs, participants may not be representative of the whole 
studied population.  
 
On the other hand, with regard to the “exposure assessment” criterion, prenatal PCB exposure 
was assessed by biological measurements in all studies. However, in three of the 20 reviewed 
studies, this exposure may not represent actual prenatal PCB exposure: Karmaus and Zhu 
(2004), Rylander et al. (1998) and Weisskopf et al. (2005). In Karmaus and Zhu (2004), 
available data on PCB and DDE concentrations of mothers from Michigan anglers obtained in 
three surveys (1973 – 1974, 1979 – 1982, 1989 – 1991) were used to assess prenatal exposure 
of offsprings born after 1968. PCB measurements in biological samples collected the closest to 
the date of delivery were used as a surrogate of prenatal exposure. In the studies of Rylander et 
al. (1998) and Weisskopf et al. (2005), maternal plasma concentrations, measured respectively 
in 1995 and throughout 1994/1995, were used in combination with toxicokinetic modeling to 
assess prenatal exposure of children born between the seventies and the nineties. Therefore, 
for these three studies, less confidence (minus sign) was assigned to the “exposure 
assessment” criterion (Table 8). For Vartiainen et al. (1998) study, a notation +/- was given to 
this criterion because PCB levels were measured in human milk collected four weeks after 
childbirth, which may not be representative of in utero exposure (Table 8). A notation +/- was 
also assigned to this criterion for Hertz-Picciotto et al. (2005) study; childbirth occurred 
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between 1964 and 1967 while blood specimens used to estimate PCB exposure were collected 
in 1960 (Table 8). With generally declining levels of environmental PCB contamination, these 
measured concentrations may overestimate the real prenatal exposure in this population.   
 
Concerning the criterion “assessment of effect”, a good confidence (+ sign) was assigned to 17 
of the 20 rewieved studies, since birth weight was obtained from hospital delivery records or 
was based on measurements taken by midwives who attended child birth. For the three 
remaining studies conducted by Murphy et al. (2010), Tan et al. (2009) and Vartiainen et al. 
(1998), newborn weight was obtained by questionnaire distributed to participating mothers or 
in one case from a direct interview with mothers after their child’s birth; less confidence was 
thus given as the role of potential information bias cannot be excluded (Table 8).  
 
Regarding the criteria “confounding variables” and “statistical analysis” simultaneously, Table 
8 shows that the four categories of confounders (see Methodology) have been considered in 
only eight studies (Fein et al., 1984; Hertz-Picciotto et al., 2005; Karmaus and Zhu, 2004; 
Konishi et al., 2009; Longnecker et al., 2005; Rogan et al., 1986a; Sagiv et al., 2007; 
Weisskopf et al., 2005). Since an uncontrolled variable could partly explain the observed 
“PCB concentrations – birth weight” association, results of the 12 remaining reviewed studies 
were not included in the subsequent analysis of the “biological concentration – response” 
relationship. On the other hand and as discussed previously, among the selected eight studies, 
PCB exposure was not estimated directly in Karmaus and Zhu (2004) and Weisskopf (2005) 
studies. This brings to six the number of studies that were considered in the subsequent 
analysis. 
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With these considerations, the relationship between prenatal PCB exposure and birth weight 
was further investigated by combining the results of the six selected studies. Table 9 illustrates 
this analysis and a consistency between the various results emerged since no statistically 
significant association was found between birth weight and prenatal PCB exposure of up to 
1920 µg PCBMPEQ/kg lipids. Concerning Sagiv et al. (2007) study, as discussed previously, 
even if prenatal PCB exposure seems to have an impact on birth weight, a significant 
association between these two variables was seen only for the 3rd quartile compared to the first 
(Tables 6 and 7). As this relationship for the 4th quartile compared to the first as well as the 
trend test were not statistically significant, these results do not clearly support the effects of 
PCBs on birth weight (Table 9). Consequently, out of the six selected studies, a significant 
negative association was reported only in the Michigan cohort (Fein et al., 1984); birth weight 
was about 160 g lower in the “exposed group” (≥ 1920 µg PCBEQPM/kg lipids) compared with 
those of the “non exposed group” (< 1920 µg PCBEQPM/kg lipids). However, it is important to 
underline that the average birth weight of the Michigan cohort remained within the 
physiological interval for this parameter (i.e., 3.41 ± 0.54 kg in the “exposed group” versus 
3.57 ± 0.54 kg in the “non exposed group”). Furthermore, although not reported in Fein et al. 
(1984), according to later studies in the Michigan cohort, PCBs were not detectable in 70% of 
cord serum samples (Jacobson and Jacobson, 1996, 2003). Thus, this exposure metric may not 
be representative of prenatal PCB exposure of the overall group of children in this cohort. 
 
In terms of precision of the results, relatively high statistically significant risks were reported 
in Fein et al. (1984) study. Nonetheless, only the p-value was available and the confidence 
interval was not reported, which prevents us from evaluating the precision of these results. In 
 63 
study of Rogan et al. (1986a), significance of the results was also reported with a p value. On 
the other hand, in the remaining four selected studies, confidence intervals were provided 
indicating a quantitative level of the observed association between PCB exposure and birth 
weight (Hertz-Picciotto et al., 2005; Konishi et al., 2009; Longnecker et al., 2005; Sagiv et al., 
2007). To detect a significant difference between two exposure groups (exposed versus non 
exposed), sample size must be large enough to reduce confidence interval of the results and, 
therefore, strengthen its precision. In this sense, results obtained in the five latter studies may 
have a lower probability of being random than those of the Michigan cohort because the 
respective sample sizes were higher (i.e., n = 362 – 1034 versus 241) (Tables 4, 5 and 6).  
2.4.3.6  Specificity of the association between PCB concentrations and birth 
weight 
The specificity of an association is defined as the proportion of the studied effect attributable 
to the agent of concern. PCB-related effects on birth weight are not specific as other factors 
can have an impact on birth weight (Kramer, 1987). In addition, environmental exposure to 
PCBs is correlated with that of other contaminants, including dioxins, furans, methylmercury 
and organochlorine pesticides (Gladen et al., 1999; Longnecker et al., 2000; Schlumpf et al., 
2010). Longnecker et al. (2001) observed a negative relationship between prenatal DDE 
exposure and low birth weight prevalence in newborns of the CPP cohort. Also, among 
newborns of the general population of India, Siddiqui et al. (2003) reported a significant 
negative association between DDE and HCH concentration in maternal blood and birth 
weight. On the other hand, out of the six studies retained in our final analysis (Table 9), 
children of the Michigan cohort are the only ones born to mothers who consumed 
contaminated fish. Hence, it is possible that PCB exposure in this population is a marker of 
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fish contamination and therefore a proxy of exposure to other contaminants whose 
concentrations were not measured by Fein et al. (1984), such as DDE, dioxins and furans. 
2.4.4  Biological reference value  
In terms of risk management related to toxic chemicals, it may be useful to establish a 
biological limit value, hence a biological level of prenatal PCB exposure below which the risk 
of effect on birth weight should be negligible. As discussed previously in the strength of the 
association section, combining results of all 20 reviewed studies did not allow to establish an 
association between prenatal exposure to PCBs at the described levels and abnormal birth 
weight (< 2500 g). In other words, the systematic analysis conducted in this work showed that 
there is a low probability of birth weight effects occurring at total PCB concentrations 
described in the reviewed studies. 
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2.5  Overall assessment of the concentration-response relationship between 
prenatal PCB exposure and birth weight based on the standardized 
approach 
Overall, this study allowed to better assess the impact of PCB exposure on birth weight 
through a systematic analysis of the concentration-response relationship across the various 
epidemiological studies, following a standardization of biological data and application of 
causality criteria. In the last decades, other review studies have attempted to standardize 
biological PCB measurements across studies to better assess PCB related-effects (Hagmar, 
2003; Longnecker, 2001; Longnecker et al., 2003; Toft et al., 2004). However, only two 
review studies focussed on birth weight effect of these compounds, using a somewhat different 
approach than the one presented in the current work (Longnecker, 2001; Toft et al., 2004). 
Nonetheless, in line with our current results, these two reviews suggest that most published 
data are consistent with a lack of significant “prenatal PCB exposure – birth weight” 
association at current exposure level in the European and North American population.  
 
Although a novel approach was used in the current work to standardize biological 
concentration data across 20 studies and analyze the different study results according to 
specific causality criteria, the “biological concentration – response” relationship was based on 
published data, which required some assumptions to be made and limited some of the 
exploitation of results. For instance, we assumed in our review that the percentage of body 
lipids in mothers was comparable across the studied populations. Our analysis could have been 
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improved if the distributions of body weight and age were provided for the studied 
populations.  
 
Our current standardization approach was also dependent on available data for such 
standardization. In particular, to our knowledge, only the Canadian study of Newsome et al. 
(1995) provided specific concentration values of a sufficiently large number of PCB congeners 
to allow for such harmonization across the various available studies with a good precision. 
Nonetheless, central tendency values were reported (mean, median) but variability data 
(confidence interval or percentiles) were not presented. Also, PCB exposure in Canadian 
parturients may not be representative of that of participating mothers in all reviewed studies; 
the composition of the mixture of PCB congeners may show geographic variations (Newsome 
et al., 1995). However, among the six studies retained in our final analysis, three studies 
measured total PCB concentrations (Fein et al., 1984; Rogan et al., 1986a; Sagiv et al., 2007). 
Concerning the study of Hertz-Picciotto et al. (2005) as well as that of Longnecker et al. 
(2005), groups of PCB congener concentrations were used to assess prenatal PCB exposure 
(i.e., 9 and 11  PCB congeners respectively). Examination of the individual PCBs measured in 
these two studies has shown that a high proportion of congeners have 5 chlorine atoms or 
more (i.e., 9/9 congeners in Hertz-Picciotto et al. (2005) study and 8/11 congeners in 
Longnecker et al. (2005) study). Considering the increase with time in the proportion of highly 
chlorinated PCB congeners in biological matrix (Seegal et al., 2011), standardized 
concentrations in terms of µg PCBMPEQ/kg lipids estimated for these two studies may have 
underestimated the actual prenatal exposure to total PCBs in newborns. It is also the case for 
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the standardized µg PCBMPEQ/kg lipids levels of Konishi et al. (2009) study, which was based 
on mono-ortho-PCBs and thus included congeners containing 5 chlorine atoms or more. 
 
Furthermore, the data of Newsome et al. (1995) are related to a specific time period and may 
not be representative of other periods. In the latter study, milk samples were collected in 1992, 
while the sampling period across the reviewed studies ranged from 1959 to 2006. This could 
have introduced a certain bias in the estimation of total PCB concentrations. However, for four 
of the six studies included in our final analysis, biological samples were collected before 1992 
(Fein et al., 1984; Hertz-Picciotto et al., 2005; Longnecker et al., 2005; Rogan et al., 1986a). 
Considering temporal decrease of PCB levels in the environment, standardized concentrations 
in terms of µg PCBMPEQ/kg lipids in these four studies may have underestimated the actual 
prenatal PCB exposure in newborns. In the case of Konishi et al. (2009) and Sagiv et al. 
(2007) studies, as the biological specimens were collected during the ten years following 
sampling by Newsome et al. (1995), standardized concentrations in terms of µg PCBMPEQ/kg 
lipids may not be a precise estimate of the actual prenatal PCB exposure in these two studies.   
 
In addition, since our systematic analysis was based on published data, it is limited by the 
available description of the explanatory variables of the studied effect. This analysis could 
have been facilitated if all the studies reported consistently descriptive statistics (mean, 
percentiles, % detectable values and numbers in each studied group). Also, a description of all 
variables in the different studies would have refined this systematic analysis (such as the age 
of mothers, their education as well as cigarette smoking status). As these factors can have an 
impact on birth weight, they must be described in detail.  
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It should be noted that the determinants of prevalence of low birth weight may vary between 
populations; cohorts selected may represent the general population or mothers consuming high 
levels of contaminated fish. As noted by Rose et al. (2008), the determinants of prevalence or 
incidence of disease are not necessarily the same as the causes of cases. Thus, it cannot be 
excluded that different characteristics may explain some of the observed discrepancies 
between the reviewed studies (external validity).  
 
Despite some limitations, our approach provides a framework for establishing the “biological 
concentration – response” relationship between prenatal PCB exposure and potential 
neurodevelopment effects that may occur at low exposure levels. In addition, using this 
systematic approach, the potential long-term effect of low birth weight on future development 
of children prenatally exposed to PCBs may be assessed. 
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Conversion of volume-weighted PCB concentrations in plasma or blood into plasma lipid-adjusted 
concentrations 
Target groups  
Reported 
concentration 
expressed in  
Mean conversion factor to express PCB 
concentration in  µg/kg of plasma lipids  
 
Men and  





µg/L whole blood d 222.63 
 





µg/L whole blood d 175.95 
 
Newborns  





µg/L whole blood d 584.42 
Note: To express the concentration in µg/kg plasma lipids, the reported concentration expressed in µg/L simply 
needs to be multiplied by the conversion factor. 
a Assuming that concentration of total lipids in plasma is of 7.35 g/L (ICRP, 1994). 
b Assuming that concentration of total lipids in pregnant women plasma is of 9.3 g/L (Butler Walker et al., 2003). 
c Assuming that concentration of total lipids in umbilical cord plasma is 2.8 g/L (Butler Walker et al., 2003). 
d Assuming that 90% of PCB molecules in blood are found in plasma lipids (Wolff, 1985) and that hematocrit is 
of 45% (McGeown, 2003). 
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Table 2 
Conversion of breast milk and umbilical cord PCB concentrations expressed in µg/kg lipids  
into maternal plasma equivalents 
Biological matrices 
Mean conversion factor to express PCB concentration as 
maternal plasma equivalents 
Breast milk 0.75 a 
Umbilical cord 1.63 b 
Note: To express concentration in µg/kg lipids as maternal plasma equivalencies, concentration expressed in 
µg/kg lipids simply needs to be multiplied by the conversion factor. 
a Based on mean values of measured concentrations reported by Longnecker et al. (2003). 
b Based on mean values of measured concentrations reported by Muckle et al. (2001), Dallaire et al. (2002; 
2003), Bulter Walker et al. (2003) and Hamel et al. (2003).  
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Table 3 
Standard methodological criteria used in the systematic analysis of the reviewed studies to assess the 
strength of the “prenatal PCB exposure – birth weight” association 
Methodological criteria Evaluation measures 
Cohort definition Randomization 
 Unbiased (+) 
 Biased (-) 
 Not reported (0) 
 
Response rate  
 Over 75% (+) 
 Lower than 75% (-) 






Not reported (0) 
 
Assessment of effect 
 
Measured by midwives (+) 
Hospital delivery records (+) 
Questionnaire (+/-) 
 








Appropriate (Multivariate analysis) (+) 
Not appropriate (-) 
 




Note: Adapted from Swanson et al. (1995), and based on Rothman (2002) and Rothman et al. (2008). 
* Confounders were assessed according to their classification in four categories: maternal and newborn 




Results of studies analyzing the association between PCB prenatal exposure from fish consumption and birth weight with the corresponding 
standardized biological levels 
Studies 
(cohorts) 
Matrix of measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 
birth weight 
 
Fein et al.  
(1984)  
US – 




(1980 – 1981) 
 
µg/L 
Mean ± SD: 2.5 ± 1.9  
Reference Group:  < 3.0 
Exposed Group: ≥ 3.0 
 
 
Mean ± SD: 1600 ± 1217 a, b, c 
Reference Group:  < 1920 a, b, c 
Exposed Group:  ≥ 1920 a, b, c 
 
Adjusted birth weight by exposure groups 
(mean ± SD)  
Reference Group:  3570 ± 540 g 
Exposed Group:  3410 ± 540 g 
 ↓ 160 g; p < 0.05; n = 241 
 
Grandjean et 




Maternal serum at 34 weeks 
of pregnancy 
∑PCB (28 congeners) 




Geometric mean: 860  
Interquartile range: 1050 
1st tertile: < 600 
2nd tertile: 600 – 1300  
3rd tertile: > 1300 
 
 
Geometric mean: 860  
Interquartile range: 1050 
1st tertile: < 600 
2nd tertile: 600 – 1300  
3rd tertile: > 1300 
 
Multiple regression analysis 
NS (p = 0.757); n = 179 
Mean birth weight in tertiles groups (g) 
1st tertile: 3.691 
2nd: 3.557  
3rd tertile: 3.606 
NS (p = 0.47); n = 179 
 
Karmaus 






PCB as Ar 1260 standard 
(Using measurements close 
to the date of delivery) 




Range: 0 – 29  
 0 – < 5  
 5 – < 15  
 15 – < 25   
 ≥ 25 
 
μg PCBAR1260/kg lipids 
Range: 0 – 3118 a, d   
 0 – < 538 a, d 
 538 – < 1613 a, d  
 1,613 – < 2688 a, d  
 ≥ 2688 a, d  
 
Generalized estimation equation – Mean 
adjusted birth weight (5th – 95th) (g) 
 3520 (3318 to 3723); p > 0.05; n = 84 
 3509 (3312 to 3707); p > 0.05; n = 66 
 3537 (3137 to 3937); p > 0.05; n = 11 




Matrix of measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 




al. (2010)  
US – New 
York 
 
Maternal serum at 6 weeks 
of pregnancy  
Total PCBs (76 congeners) 




Median (IQR): 4.5 (3.8 – 5.5) 
1st tertile : 3.6 (Reference group) 
2nd tertile: 4.5 
3rd tertile: 5.8 
 
  
Median: 484 (409 – 591) a 
1st tertile: 387 a (Reference group) 
2nd tertile: 484 a 
  3rd tertile: 624 a 
 
Multiple linear regression analysis  – β 
coefficient (95% CI) e 
n = 52 
2nd tertile: -119.1 (-512.0 to 273.9)  
 3rd tertile: -140.9 (-543.1 to 261.3)  
 
Rylander et 
al. (1998)  
Sweden – 
East cost  
 
Maternal plasma (estimated 
concentration during year of 
childbirth) 
PCB 153  




 With estimated 3% yearly 
reduction in fish concentration 
       Reference Group: ≤ 300  
       Exposed Group: > 300 
 With estimated 5% yearly 
reduction in fish concentration 
      Reference Group: ≤ 400  
      Exposed Group: > 400 
 
 
 With estimated 3% yearly 
reduction in fish concentration 
      Reference Group: ≤ 1863 f 
      Exposed Group: > 1863 f 
 With estimated 5% yearly 
reduction in the fish 
      Reference Group: ≤ 2484 f 
      Exposed Group: > 2484 f 
 
Logistic regression analysis – OR (95% CI) g 
 With estimated 3% yearly reduction in 
fish concentration 
      2.1 (1.0 to 4.7); n = 192 
 
 With estimated 5% yearly reduction in 
fish concentration 
       2.3 (0.9 to 5.9) ; n = 192 
 
Weisskopf et 







Maternal plasma at birth 
Total PCBs  
(1994 – 1995)   
 
µg/L 
Geometric mean  (range) 
Captains cohort: 1.76 (0.46 – 12.08)  
Reference group: 0.85 (0.53 – 1.66) 
 
 
Geometric mean  (range) 
Captains cohort: 189 (49 – 1299) a  
Reference group: 91 (57 – 178) a   
 
Multiple regression analysis 
 
↑ 29 g (95% CI = -110 g to 168 g) per unit 






Matrix of measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 








Maternal plasma during 
pregnacy 
 PCB153 




Geometric mean (95% CI) h 
 
Greenland: 110 (21 – 530)  
Kharkiv: 27 (8.1 – 69)  
Warsaw: 11 (< LOD – 27)  
 
 
Geometric mean (95% CI)  
 
Greenland: 683 (130 – 3292)  
Kharkiv: 168 (50 – 428)  
Warsaw: 68 (< LOD – 168)  
 
Multivariate linear regression model – 
regression coefficient (95% CI) (g) 
 
Greenland: -59.2 (-100.6 to -17.8); p = 0.01;  
n = 519 
Kharkiv: -10.2 (-61.4 to 41.0); p = 0.7; n = 565 
Warsaw: -49.4 (-134.5 to 35.7); p = 0.19;  
n = 186 
 
Note: IQR = Interquartile range; < LOD = below detection level; MPEQ = Maternal plasma equivalent; NS = Not significant; n = number of subjects. 
† = Given that the most exposed population (Greenland) was that whose source of exposure was fish consumption. 
a  Volume-weighted concentration converted into lipid-adjusted concentration. 
b Converted in terms of concentrations estimated by high resolution capillary column gas chromatographic according to Longnecker et al. (2003). 
c Converted in terms of concentration in maternal plasma. 
d As Aroclor 1260 standard have been used for the measurement of PCB concentrations, this concentration could not been ajusted for total PCBs. 
e Based on results reported between prenatal exposure to total PCBs and birth weight. 
f Converted in terms of total PCB concentrations. 
g Cases were newborns with low birth weight (1500 – 2750 g) and controls were newborns with normal birth weight (3200 – 4500 g). 
h According to Jonsson et al. (2005). 
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Table 5 
 Results of studies analyzing the association between PCB prenatal exposure from ingested food other than contaminated fish and birth weight with 
the corresponding standardized biological levels 
Studies 
(cohorts) 
Matrix of measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 
birth weight 
 





Breastmilk at 4th or 5th day 
after birth 
PCB 153 † 
(1993 – 1994)  
 
µg/kg lipids 
Lower tertile: 125 
Median: 149 
Upper tertile: 183 
Range: 27 – 1525  
 
 
Lower tertile: 582 a, b 
Median: 694 a, b 
Upper tertile: 852 a, b 
Range: 126 – 7104 a, b 
 
Adjusted mean birth weight and relative 
birth weight by tertile of PCB levels 
 




et al. (2008)  
Denmark 
 
Maternal plasma at 25th 
week of pregnancy  
ΣPCB 105, 118, 138, 153, 
156, 180 




5th percentile: 0.64 
25th percentile: 0.91 
50th percentile: 1.15 
75th percentile: 1.45 
95th percentile: 1.88 
 
 
5th percentile: 143 c 
25th percentile: 203 c 
50th percentile: 257 c 
75th percentile: 324 c 
95th percentile: 420 c 
 
Multiple regression analysis      
Regression coefficient β (95% CI) 
      -334 (-628 to -40); p = 0.03; n = 100  
Mean difference for the 75th vs. 25th percentile 
(95% CI) (g)  




al. (2005)  
US – San 
Francisco 
 
Maternal serum at 2nd or 3rd 
pregnancy trimester  
ΣPCB 105, 110, 118, 137, 
138, 153, 170, 180, 187 





5th – 95th percentile: 378 – 1115 
 
 
Mean: 1164 b 
Median: 1030 b 
5th – 95th percentile: 632 – 1864 b 
 
Birth weight adjusted for gestational age – 
 Multiple regression analysis (z-score)      
      Overall: coefficient β (SE): -0.18 (0.15)  
 Mean difference for the 90th vs. 10th  
percentile PCBs (95% CI) (g)  
      Overall: -120 (-266 to 26); n = 399  
      Boys: -290 (-504 to - 76); n = 188 




Matrix of measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 







Maternal blood at different 
periods of pregnancy  
Σ mono-ortho-PCBs ‡ 
(2002 – 2004) 
 
µg/kg lipids  
Mean ± SD: 12.4 ± 6.5 
Median:      11.13  
Range :        1.8 – 49.6   
 
 
Mean ± SD: 80 ± 47 a, b 
Median:       81 a, b 
Range:         13 – 361 a, b 
 
Multiple regression analysis – β coefficient 
(95% CI)  
Overall: -125.3  (-277.4 to 26.8); n= 398 
Girls: -104.3 (-308.7 to 100.1); n = 209 
Boys: -138.6 (-372.7 to 95.4); n = 189 
 
Lamb et al. 
(2006)  
CPP  





Maternal serum at 3rd 
trimester of pregnancy 
ΣPCB 15, 28, 56, 66, 74, 82, 
99, 101, 105, 118, 138, 146, 
153, 156, 167, 170, 174, 
177, 178, 180, 183, 187, 
199, 203 
(1959 – 1965) 
 
µg/L  
Mean ± SD: 9.2 ± 3.5 
25th percentile: 6.8 
50th percentile: 8.4 
75th percentile: 10.4 
 
 
Mean ± SD: 1 355 ± 515 c  
25th percentile: 1001 c 
50th percentile: 1237 c 
75th percentile: 1531 c 
 
Simple linear regression – Coefficient 
(95% CI) 
Girls: -0.09 (0.26 to 0.08); n = 41 





et al. (2005) 
CPP 
 
Maternal serum of 3rd 
trimester of pregnancy  
ΣPCB 28, 52, 74, 105, 118, 
138, 153, 170, 180, 194, 203 





 < 2  
 2 – 3  
 3 – 4  
 > 4 
 
 
Median: 500 c 
Exposure categories 
 < 357 c 
 357 – 535 c  
 535 – 714 c 
 > 714 c 
 
Multiple linear regression analysis  
NS (n = 1034) 
Logistic regression – OR (95% CI) – SGA d 
 < 357 c: 1.00; n = 283 
 357 – 535 c: 1.33 (0.68 to 2.60); n = 584 
 535 – 714 c: 1.98 (0.94 to 4.17); n = 504 




Matrix of measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 








Umbilical cord plasma 











Range: 0.08 – 2.08   
10th percentile: 0.20  
50th percentile: 0.41 
90th percentile : 0.80  
 
Median: 2.04  




Median: 534  a, c 
Range: 107 – 2776 a, c 
10th percentile: 267 a, c 
50th percentile: 547 a, c 
90th percentile: 1068 a, c 
 
Median: 503 a, c 
Range: 145 – 1812 a, c 
 
Multiple linear regression analysis 
↓; p < 0.03; n = 179 
 
90th and 50th centiles compared to the 10th  
 50th centile: ↓ 86 g e 
90th centile: ↓ 165 g e 
 
Multiple linear regression analysis 
NS (p = 0.057); n = 203 
 
Rogan et al. 
(1986a)  




Breast milk at birth 
Total PCBs 
(1978 – 1982) 
 
µg/kg lipids  
Median: 1700  
95th percentile: 3500 
 
 
Median: 484 a, f 
95th  percentile: 997 a, f 
 
Multiple regression analysis  
NS (p > 0.05); n = 866 
 




Umbilical cord blood  




Mean ± SD: 38.2 ± 29.1 




Mean ± SD: 56 ± 43a 
Median: 44  a 
Range: 8 – 202 a 
 
Multivariate data analysis techniques  
PCB 28/31; PCB 118; PCB 132/153 : ↓;  
p < 0.05; n = 24 – 40 





Matrix of measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 








Breast milk four weeks after 
delivery   







Primiparae in urban area, Helsinki 
Mean ± SD: 496 ± 218  
Range: 173 – 1 624  
 
Primiparae in rural area, Kuopio 
Mean ± SD: 396 ± 164  




Primiparae in urban area, Helsinki 
Mean ± SD: 372 ± 163 a 
Range: 130 – 1218 a 
 
Primiparae in rural area, Kuopio 
Mean ± SD: 297 ± 123 a  
Range: 105 – 625 a 
 
Correlation of children’s birth weights with 
PCBs levels   
Primiparae of urban and rural area 
Overall: NS (p = 0.998); n = 83 
Girls or Boys: NS (p = 0.957); n = 34 
 
All mothersg 
Overall: NS (p = 0.222); n = 166 
Girls: NS (p = 0.176); n = 90 
Boys: NS (p = 0.636); n = 76 
 
Wolff et al. 
(2007)  
US – New 
York 
 
Maternal plasma between 
26th and 28th week 
 Σ PCB 118, 138, 153, 180 




Range: 20 – 1060 
 
 
Median: 344 b 
Range: 46 – 2431 b 
 
 
Multiple regression analysis  
 
NS (p > 0.8); n = 160 
Note:  IQR = Interquartile range; < LOD = below detection level; MPEQ = Maternal plasma equivalent; NS = Not significant; n = number of subjects; † 
Since the concentration of PCBs have been reported for individual congeners, the estimate of PCBMPEQ concentration was based on PCB 153 concentration; ‡ 
mono-ortho-PCBs = PCB 105, 114, 118, 123, 156, 157, 167, 180 (PCB exposure was also evaluated with blood concentration of the non-ortho- or dioxin-like 
PCBs).  
 81 
a  Converted in terms of concentration in maternal plasma. 
b Converted in terms of total PCB concentrations. 
c Converted in terms of concentration of total PCBs adjusted for lipid contents. 
d SGA = Small-for-gestational-age defined as birth weight less than the 10th percentile of each week of gestation using all live births as the standard.  
e p value not available. 
f Converted in terms of concentrations estimated by high resolution capillary column gas chromatographic according to Longnecker et al. (2003). 




Results of studies analyzing the association between PCB prenatal exposure from contaminated area and birth weight with the corresponding 
standardized biological levels 
Studies 
(cohorts) 
Matrix of measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 
birth weight 
 





Umbilical cord serum  
Σ 51 PCB congeners 
 
(1993 – 1998) 
µg/L 
Quartile 1: 0.07 – 0.24  
Quartile 2: 0.24 – 0.38 
Quartile 3: 0.38 – 0.60 
Quartile 4: 0.61 – 18.14 
 
 
Quartile 1: 41 – 140 a, b 
Quartile 2: 140 – 212 a, b 
Quartile 3: 212 – 349 a, b  
Quartile 4: 355 – 10560 a, b 
 
Adjusted difference in mean birth weight – 
Quartile 2, 3 et 4 vs. Quartile 1 (g) (95% CI) 
Quartile 2: -16 (-104.5 to 72.5); n = 361 
Quartile 3: -101.2 (-194.5 to -7.9); n = 362 
Quartile 4: -47.6 (-152.9 to 57.7); n = 361 
Test for trend: NS (p = 0.43); n = 722 
 
Sonneborn et 
al. (2008)  
Slovakia 
 
Maternal serum at birth 
Σ PCB 118, 138, 153, 156, 
170, 180 
 






Mean ± SD: 6.3 ± 8.3 
Range: 0.5 – 166  
 
Eastern European 
Mean ± SD: 6.6 ± 9  
Romanians 
Mean ± SD: 5.1 ± 4.8 
10th percentile: 1.58   




Mean ± SD: 1351 ± 1780 c 
Range: 107 – 35607 c 
 
Eastern European 
Mean ± SD: 1415 ± 1930 c 
Romanians 
Mean ± SD: 1094 ± 1030 c 
10th percentile: 339 c  
90th percentile: 2746 c  
 
 
Multiple regression analysis  
 Overall cohort 
NS (p = 0.705); n = 1057 
   Romanian boys  
↓ 13 g for each 214 µg PCBMPEQ/L increase in 
maternal PCB; p = 0.031; n = 226 
 Eastern European  
  NS d; n = 831 
 Predicted birth weight of Romanian boys 
at the 90th and the 10th percentile 
↑ in maternal PCBs from 90th and the 10th 
percentile → ↓ 133 g (3262 g versus 3129 g), a 
4%  decrease in birth weight e.  
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Note:  IQR = Interquartile range; < LOD = below detection level; MPEQ = Maternal plasma equivalent; NS = Not significant; n = number of subjects. 
a  Volume-weighted concentration converted into lipid-adjusted concentration. 
b Converted in terms of concentration in maternal plasma.  
c  Converted in terms of concentration of total PCBs adjusted for lipid contents. 
d Based on results reported between prenatal exposure to total PCBs and birth weight. 




A Synthesis of the significant associations between standardized prenatal PCB concentrations in maternal 
plasma (µg PCBMPEQ/kg lipids) and birth weight among the reviewed epidemiological studies* 
Studies 
Standardized PCB concentrations in maternal plasma 













Fein et al. (1984) 95% CI a, b           1600 † 1346 1698 ≥ 1920 (↓ 160 g) 
Gladen et al. (2003) Range                  694 § 126 7104 - 
Grandjean et al. 
(2001a) 1
st – 3th tertile      860 §  < 600 > 1300 - 
Halldorsson et al. 





















na (↓290 g) 
Karmaus and Zhu 
(2004) Range   538§ 323
c 3118 ≥ 2688 (↓500 g) 
Konishi et al. 
(2009) Range                  81§ 13 361 - 
Lamb et al. (2006) 25th – 75th            1237§ 1001 1531 - 
Longnecker et al. 
(2005) 25
th – 75th  d 500§ < 357  > 714  - 
Murphy et al. 
(2010) 25
th – 75th   484§ 409 591 - g 
Patandin et al. 
(1998) Range
 e                547§ 145 1812 
547 (↓86 g) 
1068 (↓165 g) 
Rogan et al. (1986a) 5th – 95th a, d       484§ 282 997 - 
Rylander et al. 
(1998) Range
 f                na 186  7764  1863 (↓h) 
Sagiv et al. (2007) Range  212§ 41 10560 
212 
(Q3: ↓101.2 g) 














10th – 90th         
1415† 339 2746 2746 (↓ 133 g) 
Tan et al. (2009) Range                  44§ 8 202  ↓ i 
Vartiainen et al. Range i                372† 130 1218 - 
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Studies 
Standardized PCB concentrations in maternal plasma 














Weisskopf et al. 
(2005) Range 
k                189§ 49 1299 - 
Wojtyniak et al. 
(2010) 95% CI
 l   683 § 130 3292 ↓ i 
Wolff et al. (2007) Range                  344 § 46 2431 - 
Note: PCBMPEQ = standardized PCB levels expressed as maternal plasma equivalent; * = significant association 
(p < 0.05; 95% CI excluding the value 1); ↓ = decresase in birth weight † = mean; § = median; - = no effect on 
birth weight was observed; na = not available; Q3 = 3th quartile.  
a Converted in terms of concentrations estimated by high resolution capillary column gas chromatographic 
according to Longnecker et al. (2003). 
b The 95% CI was estimated using mean ± SE (standard error). 
c Based on the detection limit (3µg/L). 
d Estimation based on categorical data reported in the study. 
e Based on  maternal plasma data. 
f Based on assumption of 3% yearly reduction of fish concentration (the conservative scenario). 
g Based on results reported between prenatal exposure to total PCBs and birth weight. 
h Mean weight difference between exposure groups was not quantified. 
i A threshold level of PCB exposure from which a decrease in birth weight could be observed has not been 
established. 
j According to both data in rural and urban populations.  
k According to Captain cohort data. 





Results of the systematic analysis of reviewed studies, using standard methodological criteria, to assess the strength of the association between 













Randomization Response rate 
Fein et al. (1984) - 0 + + + a + - 
Gladen et al. (2003) - - + + - b + - 
Grandjean et al. (2001a) - - + + - b + - 
Halldorsson et al. (2008) + 0 c + + - b, d + + 
Hertz-Picciotto et al. (2005)        
         Overall group - 0 +/- e + + + + 
          Boys - 0 0 + + + + 
Karmaus et Zhu (2004) - f - f - + + + + 
Konishi et al. (2009) - + + + + + + 
Lamb et al. (2006) - 0 + + - g + + 
Longnecker et al. (2005) + + + + + + + 
Murphy et al. (2010) - - + +/-h - b, d + + 
Patandin et al. (1998) - 0 i + + - d + - 
Rogan et al. (1986a) - j 0 + + + + - 
Rylander et al. (1998) nr + - + - k + + 
Sagiv et al. (2007) - - + + + + + 
Sonneborn et al. (2008)        
         Overall group - - +  - d + - 
         Romanian boys - - +  - d + - 
Tan et al. (2009) + 0 + +/- h - b + - 














Randomization Response rate 
Weisskopf et al. (2005) + - - + + + - 
Wojtyniak et al. (2010) - n + n + + - o + + 
Wolff et al. (2007) - - + + - b - - 
Note: Adapted from Swanson et al. (1995); nr = not relevant. 
a Of 73 potential confounders (including demographic data, health history, pregnancy and delivery, obstetrical medication, tobacco use, and fetal exposure to 
alcohol, caffeine, and nicotine), 37 variables, showing a difference in incidence between exposure groups exceeding 15%, were considered. Of the 37 
considered variables, those differing between groups at p < 0.1 were included in multivariate statistical analyses. PBB was also controlled.  
b As socio-economic status was not integrated in reported results of multivariate analysis. 
c According to Olsen et al. (2001). 
d As exposure to other environmental contaminants was not integrated in reported results of multivariate analysis. 
e As PCB concentration was measured in maternal serum collected 4 to 7 years before child birth.   
f According to He et al. (2001). 
g As the studied group consisted of African-American children of a Columbia-Presbyterian center of the Collaborative Perinatal Project.  
h As birth weight was provided by the participating mothers (questionnaire or interview). 
i According to Koopman-Esseboom et al. (1994). 
j According to Rogan et al. (1986b). 
k Analyzed confounding variables were not homogenously distributed between cases and controls. 
l As PCB concentration was measured in maternal milk collected 4 weeks after child birth. 
m As statistical analysis consisted of simple correlations with no control of potential confounders or with stratification only according to either gender or 
primiparous status. 
n According to Jonsson et al. (2005). 
o As in Greenland, multivariate models were adjusted either for smoking status or for gestational age, while in Kharkiv and Warsaw, adjustments were made 
for other confounding variables.  
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Table 9 
Results of the overall assessment of the “concentration – response” relationship between prenatal PCB 





Interval of exposure 
(µg PCBMPEQ/kg lipids) 
Threshold of the 
significant observed 
effect (µg PCBMPEQ/kg lipids) 
Decreased level of 
birth weight (g) 
Konishi et al. (2009) 81§ Range:  13 – 361 - - (n = 398) 
Sagiv et al. (2007) 212§ Range:  41 – 10560  - 
a - (n = 362) a 
Rogan et al. (1986a) 484§, b 95
th percentile:  
997  b - - (n = 866) 
Longnecker et al. 
(2005) 500
§ 25
th – 75th percentile c:  
357 – 714 - - (n = 1034) 
Hertz-Picciotto et al. 
(2005)  
(overall cohort)  
1030§ 95% CI :  632 – 1864 - - (n = 399) 
Fein et al. (1984) 1455† 95% CI 
d:  
1224 - 1543 1920 ↓ 160 (n = 241) 
Note: Study results are presented in ascending order of median or mean standardized prenatal PCB exposure; - = 
not observed; ↓ = statistical decrease in birth weight. 
†Mean. 
§Median. 
a Statistically significant decrease in birth weight was reported for the 3rd quartile (↓ 101.2 g; n = 362) but not for 
the 4th quartile compared to the first, and the test for trend was not statistically significant (p = 0.43; n = 722). 
b Converted in terms of concentrations estimated by high resolution capillary column gas chromatography 
according to Longnecker et al. (2003). 
c Estimation based on data reported in the study. 






Summary of epidemiological data on association between PCB concentrations    standardized in lipids of 
maternal plasma and birth weight 
 
Note:  
a. The 95% CI was estimated by mean ± 2SE (standard error). 
b. Overall group results.  
c. Boy results. 
d. Based on results reported between prenatal exposure to total PCBs and birth weight. 
e. Based on maternal plasma data. 
f. Overall group results.  
g. Romanian boy results. 
h. Threshold level is approximated by the median. 
i. Range of exposure is established according to both data in rural and urban populations. 
j. Range of exposure in Captains cohort. 






     Grandjean et al. (2001a) 
 









    
 
Konishi et al. (2009) 
Lamb et al. (2006) 
Rogan et al. (1986a) 
Sonneborn et al. (2008) 
(overall cohort) 
Vartiainen et al. (1998) 
Weisskopf et al. (2005) 
Wolff et al. (2007)  
     
      
 
 
    
    
       Grandjean et al. (2001a) 
Halldorsson et al. (2008) 
Hertz-Picciotto et al. (2005) 
Patandin et al. (1998) 
Sonneborn et al. (2008)  
(Romanian boys) 
   Gladen et al. (2003) 
   Longnecker et al. (2005) 
   Murphy et al. (2010) 
Effect observed on birth weight 
(PCB levels as categorized variable) 
No observed effect on birth weight 
(PCB levels as categorized variable) 
No observed effect on birth weight 
(PCB levels as continuous variable) 
Effect observed on birth weight 
(PCB levels as continuous variable) 
Rylander et al. (1998) 
Sagiv et al. (2007) 
Tan et al. (2009) 
Wojtyniak et al. (2010) 
 Rylander et al. (1998) 
Sagiv et al. (2007) 
Halldorsson et al. (2008) 
Hertz-Picciotto et al. (2005) 
Patandin et al. (1998) 
Sonneborn et al. (2008) 
(Romanian boys) 
Fein et al. (1984) 
Karmaus and Zhu (2004) 
Figure 2 
Classification of studies assessing the effect of prenatal PCB exposure on birth weight, according to
consideration of the biological PCB concentrations either as a categorical or continuous variable 
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3.1  Abstract 
Impact of prenatal exposure to polychlorinated biphenyls (PCBs) on mental and motor 
development has been investigated in various children cohorts, but findings show temporal 
inconsistencies. Because a direct comparison of results obtained from different cohorts remains 
difficult, temporal relationship between biological PCB concentrations and long-term 
developmental effects is still not clearly established. The objective of this research was to use a 
procedure previously developed to standardize PCB biological concentration data across cohorts 
in order to perform a systematic analysis of temporal associations between prenatal PCB 
exposure and mental and motor development from neonatal period (or a young age) until school 
age. Prenatal exposure data from nine cohorts were standardized in terms of total PCBs per kg of 
lipids in maternal plasma. Systematic analysis of the “standardized biological concentration – 
development” relationship during follow-up of each cohort was then conducted through the 
application of Hill criteria. This led to retain six of the studied cohorts in the final analysis. A 
biological level of prenatal PCB exposure below which risk of mental or motor development 




3.2  Introduction 
Polychlorinated biphenyls (PCBs) are well known persistent halogenated aromatic hydrocarbons 
extensively produced in the early 1930s as dielectric and coolant fluids for many industrial 
applications due to their low inflammability, chemical stability and miscibility (ATSDR, 2000; 
Erickson, 2001). They are ubiquitously present in ecosystems and bioaccumulate in the food 
chain (ATSDR, 2000; Carrier et al., 2006). Owing their slow biotransformation and high 
lipophilicity, they concentrate in lipidic components of the body (adipose tissues, blood lipids 
and maternal milk) (Carrier et al., 2006; Grandjean et al., 2008; James, 2001).  
 
Following two accidental poisonings related to food contamination by PCBs, in Japan in 1968 
(Yusho) and Taiwan in 1979 (Yucheng), their production and use were progressively banished in 
most industrialized countries in the late 1970s and subsequent decade. Children born to mothers 
who ingested contaminated rice oil (prior to or during pregnancy) presented growth retardation, 
cognitive and behavioural impairments (Guo et al., 2004). Despite the probable contribution of 
the much more potent toxicants polychlorinated dibenzofurans (PCDFs) to both Yusho and 
Yucheng poisonings (Buser and Rappe, 1979), various cohorts were formed around the world to 
study effects of pre- and postnatal exposure to PCBs on mental and motor development of 
children. Nonetheless, direct comparisons of reported results across cohorts have yet allowed 
establishing a clear causal relationship between prenatal PCB exposure and impairment of child 
development (Boucher et al., 2009; Faroon et al., 2001; Korrick and Sagiv, 2008; Schantz et al., 
2003). This may be explained in part by the fact that PCB exposure was not uniformly expressed 
between studies (e.g., different biological matrices sampled or different units to express 
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biological results). In some cohorts, a negative association between biological PCB 
concentrations and developmental aptitudes during neonatal period or childhood was reported 
(Gladen et al., 1988; Jacobson and Jacobson, 1996, 2003; Koopman-Esseboom et al., 1996; 
Sagiv et al., 2008, 2010; Stewart et al., 2000, 2005; Vreugdenhil et al., 2004a; Walkowiak et al., 
2001). In other cohorts, follow-up of children failed to demonstrate any significant association 
(Coccini et al., 2009; Daniels et al., 2003; Gladen and Rogan, 1991; Grandjean et al., 2001a; 
Gray et al., 2005; Longnecker et al., 2005; Steuerwald et al., 2000). 
 
Following a request made by Health Canada, we conducted a systematic analysis of the 
epidemiological literature to establish health risks related to PCB exposure in the Canadian 
population, including effects on mental and motor development (Carrier et al., 2006). Using 
toxicokinetic considerations and a standardization procedure of biological concentration data 
across studies, a direct comparison between published studies was performed for a given 
neuropsychological test or cognitive function (Carrier et al., 2006). Boucher et al. (2009) 
employed a somewhat similar review to determine whether a distinctive cognitive profile 
associated with prenatal PCB exposure, based on data of Longnecker et al. (2003) for 
comparison of exposure levels between reviewed studies. The latter approach was however not 
applicable to all published epidemiological data. Recently, El Majidi et al. (2012) performed a 
systematic analysis of 20 published epidemiological studies on the concentration-response 
relationship between PCB exposure and birth weight, based on a more generally applicable 
standardization of PCB biological data across studies and application of causality criteria. The 
overall objective of the current work was to use such standardization procedure to perform a 
systematic analysis of associations between prenatal PCB exposure and mental and motor 
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3.3  Methodology 
The steps followed for this systematic analysis were: i) the identification of relevant 
epidemiological studies investigating effects of prenatal PCB exposure in cohorts on mental or 
motor development between neonatal period and school age; ii) standardization of the various 
biological indicators of prenatal PCB exposure measured in the various cohorts; iii) verification 
of a possible causal relationship between prenatal PCB exposure and development based on 
criteria recognized for this purpose; iv) establishment of the “standardized biological 
concentration – response” relationship for an impaired development observed consistently 
throughout the follow-up of cohorts; v) determination of a standardized biological concentration 
of PCBs below which the risk of adverse effect on development between neonatal period and 
school age would be negligible. 
3.3.1  Identification of epidemiological studies published on the topic 
A complete bibliographical review was conducted on studies published until 2012 on effects of 
prenatal PCB exposure on child development. Databases such as Medline, PubMed, Toxline, 
Poltox and Current Contents were consulted. Our search strategy was limited to English and 
French articles. Published studies were included in this research if: i) they have been published in 
peer review journals; ii) they have been conducted in prospective cohorts; iii) they have analyzed 
the relationship between prenatal PCB concentrations (e.g., total PCBs, specific congeners or 
groups of congeners) in any biological matrix and mental or motor development from neonatal 
period until school age. As in El Majidi et al. (2012), published studies were excluded if: i) they 
have focused on Yusho (Japan) or Yucheng (Taiwan) cohorts, as the toxic effects seen in these 
populations have been mainly attributed to PCDFs (Buser and Rappe, 1979); ii) exposure 
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conditions differed from those of the general population or populations whose source of PCB 
exposure is consumption of contaminated fish. In addition, since this work focussed on follow-
up of cohorts, cohorts were excluded if developmental effects were assessed only at a certain   
age period (i.e., at birth or at school age only). 
3.3.2  Standardization of bioindicators of PCB body burden across studies 
Biological PCB concentrations reported in the various studies were converted to total PCB 
equivalent in maternal plasma per kilogram of lipids, and the term “PCBMPEQ” was used to refer 
to standardized concentrations (µg PCBMPEQ/kg lipids). The full description of the method 
employed is described in El Majidi et al. (2012). Briefly, for conversion of given PCB congener 
concentrations to total PCB values in a reviewed study, mean concentration ratios of given PCB 
congeners to total of the 40 PCB congeners measured in breast milk of Canadian women by 
Newsome et al. (1995) were used as a reference. For example, when concentration of congeners 
118, 138, 153 and 180 was reported, a multiplier of 2.3 was applied as proportion of these four 
congeners accounted for 43.5% of total PCB concentration in the study of Newsome et al. 
(1995). Wet-weight concentrations in plasma were converted to lipid-adjusted concentrations 
using conversion factors presented in Table 1. Lipid-adjusted concentrations in breast milk or 
umbilical cord plasma were converted to maternal plasma equivalents using a mean conversion 
factor of 0.75 and 1.63, respectively, on the basis of published epidemiological data (Butler 
Walker et al., 2003; Dallaire et al., 2002, 2003; Hamel et al., 2003; Longnecker et al., 2003; 
Muckle et al., 2001). When distribution of PCB exposure was not provided, arithmetic mean ± 




3.3.3  Systematic analysis of indexed epidemiological studies 
A systematic analysis of the indexed epidemiological studies was then performed to investigate 
whether an effect on mental or motor development observed in a cohort at birth or at young age 
persisted at later age. Firstly, a descriptive analysis of each study was achieved by compiling 
study objective, study population, exposure metrics, developmental outcome measured, 
statistical analyses and findings. Based on neuropsychological tests commonly used to assess 
mental and motor abilities of children in the epidemiological literature, and according to the 
classification of these tests by Strauss et al. (2006), five mental aptitudes were studied in this 
work: attention, memory, IQ, language and executive function. The processes: i) that reach 
beyond encoding information (attention), ii) by which the individual encodes, stores and 
retrieves information (memory), or iii) that are guiding and managing cognitive and behavioral 
functions, in particular when confronted with a novel problem solving (executive function) were 
evaluated. The interest of IQ tests is that they are useful in evaluating some achievements 
especially school achievement. Verbal performance was also included in this work because it is 
central in the assessment of child development (Strauss et al., 2006). Developmental tests used in 
the various epidemiological studies are briefly described in Table 2.  
 
Secondly, possible causal relationship between standardized prenatal PCB concentrations and 
temporal effect on development was verified in each cohort using Hill’s criteria (Hill, 1965). 
These criteria were applied systematically to all studies analyzing this relationship during follow-
up of the different cohorts. As in El Majidi et al. (2012), the criteria were: 1) temporal 
relationship, 2) biological plausibility, 3) consistency of the association, 4) dose-response 
relationship, 5) strength of the association, 6) specificity of the association.  
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Regarding the temporal “consistency of the association” criterion, a notation “consistent” was 
given when there was a lack of temporal association between PCB biological concentrations and 
motor or mental abilities, or in the case of a temporal negative association between these two 
variables. In the latter case, this notation was given if a significant negative association was 
reported for at least one mental abilities at each studied period of age, even if affected abilities 
were not the same at all ages. The “standardized PCB concentration – developmental effect” 
gradient was then investigated in cohorts wherea temporal consistency between PCB biological 
concentrations and developmental outcomes was obtained. 
 
As in El Majidi et al. (2012), an overall analysis of the “strength of the association” between 
PCB biological concentrations and developmental effects in each cohort was performed by 
taking into account potential biases (selection bias, information bias and confounders). The 
following methodological criteria were systematically studied for each cohort follow-up: 
i) cohort definition; ii) exposure measurement; iii) assessment of effect; iv) control of 
confounding variables; v) statistical analysis and vi) precision (El Majidi et al., 2012). It was also 
verified that performance results measured in a cohort at early ages could be linked to those 
observed at older ages. Regarding “cohort definition”, the parameters “randomization”, 
“response rate” and “tracing of subjects” were verified; more confidence (plus sign) was given to 
results if participants were randomly selected in the studied population and if study response rate 
was over 75% (El Majidi et al., 2012; Swanson et al., 1995) (Table 3). “Tracing of subjects” 
parameter pertained to the number of participants lost to follow-up, and greater confidence was 
given if cohort follow-up traced over 70% of the original population sample (Table 3). This was 
based on findings of Rothman et al. (2008) who reported that follow-up studies that trace less 
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than 60% of subjects are generally viewed with skepticism (or even less than 70-80%, or more, if 
the subjects are lost to follow-up for reasons related to both exposure and disease).  
 
As for “exposure measurement” criterion, two parameters were systematically verified: 
“direct/indirect exposure assessment” and “consistency of biological markers” used in cohorts; 
more confidence (plus sign) was given to studies that used a direct assessment of prenatal PCB 
exposure (sampling periods of biological measures correspond to those of pregnancy), and that 
have consistently considered a same exposure variable when conducting statistical analysis 
(Table 3). Concerning “effect assessment” criterion, more confidence (plus sign) was assigned 
when recognized neuropsychological tests were used (Table 3). Control of covariates related a 
priori to both PCB exposure and developmental effects were considered in “confounding 
variables” criterion, which included maternal characteristics (maternal age, alcool consumption, 
smoking status, body mass index, intelligence quotient), children characteristics (gestational age, 
birth weight, parity, breastfeeding status), socioeconomic status (parental education, quality of 
home environnemen (HOME), parental occupation, family income,) and other correlated 
environmental contaminants (MeHg, PCDDs, PCDFs etc.) (Grandjean et al., 2001b; Vreugdenhil 
et al., 2002; Walkowiak et al., 2001). As social environment, the major determinant of cognitive 
and behavioral development in children (Jacobson and Jacobson, 2002a,b; Walkowiak et al., 
2001), is highly correlated with duration of breastfeeding (Mortensen et al., 2002), breastfeeding 
was assumed to be accounted for with socioeconomic status adjustments.  
 
Ultimately, it was verified if a temporal “standardized biological concentration – and mental or 
motor development response” relationship within a cohort could be established from neonatal 
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period until school age. A threshold biological concentration of total PCB equivalent (expressed 
in plasma lipids) for which significant altered mental or motor abilities would persist from 
neonatal period to school age was also assessed. Associations were considered statistically 
significant at p < 0.05. 
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3.4  Results and discussion 
3.4.1  Reviewed epidemiological studies 
Nine birth cohort studies were considered in this work and are briefly presented in the following 
section in chronological order of onset of follow-up.  
 
North Carolina cohort 
In the North Carolina breast milk and formula project, 880 women and their 931 children born 
between April 1978 and October 1982 were selected from the general population to form a 
prospective birth cohort (Rogan et al., 1986b). Biological samples consisting of maternal milk, 
maternal blood, umbilical cord blood and placenta were collected for PCBs and dichlorodiphenyl 
dichloroethene (DDE) analysis. Over 800 children were assessed during neonatal period. About 
700 of those children were followed at 6 weeks of age and 24 months, and again yearly between 
3 and 5 years of age (Gladen and Rogan, 1991; Gladen et al., 1988; Rogan and Gladen, 1991; 
Rogan et al., 1986a,b). 
 
Michigan cohort  
Michigan cohort was initiated in 1980–1981 in four Michigan hospitals; 8482 women delivering 
infants were surveyed according to their consumption of Lake Michigan fish (Jacobson et al., 
1984, 1990). Study participants consisted of 242 infants born to mothers who reported a 
consumption rate of contaminated fish exceeding 11.8 kg over the previous six years, and 71 
control infants whose mothers reported eating no Lake Michigan fish (Jacobson et al., 1984). 
Umbilical cord and maternal blood were collected at birth to assess prenatal PCB exposure. In 
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follow-up studies, a composite exposure metric was used to derive standardized scores for cord 
serum, maternal serum and breast milk levels since PCBs were not detectable in 70% of cord 
serum samples and in 22% of maternal serum samples (Jacobson and Jacobson, 1996).  
 
Neuropsychological status of children was evaluated at birth, 5 and 7 months, as well as 4 and 11 
years of age. Of the 313 initially recruited children, approximately 178 participated in the 11-
year old follow-up (Fein et al., 1984; Jacobson and Jacobson, 1996, 2001, 2002a, 2003; Jacobson 
et al., 1984, 1985, 1989, 1990, 1992). PCB concentrations were available in cord serum for 139 
children, and in maternal serum and maternal milk for 142 and 113 infants, respectively 
(Jacobson and Jacobson, 1996).  
 
Faroe cohorts 
Two cohorts were formed from Faroe Islands residents to assess developmental effects of 
methylmercury (MeHg) exposure due to a high consumption of contaminated fish, pilot whale 
and blubber in this area. However, only one of these Faroe cohorts was prospectively followed to 
assess developmental effects associated with PCB exposure and was thus retained for the current 
work as this was one of the determinant cohort selection criteria. This retained cohort was 
generated over a period of 12 months in 1994–1995 and consisted of 182 singleton term children 
born at the National hospital in Thòrshavn, Faroe Islands (Grandjean et al., 2001a; Steuerwald et 
al., 2000). Of the original cohort, 159 children completed their examination at seven years of age 





Düsseldorf cohort  
Düsseldorf cohort consisted of 171 healthy mother-infant pairs recruited between October 1993 
and May 1995 from the obstetrical wards of three Düsseldorf hospitals (Winneke et al., 1998). 
Maternal blood, maternal milk and cord blood concentrations were used as PCB exposure 
indices. Of the 169 children who were evaluated at 7 months of age, approximately 100 were 
assessed at 18, 30 and 42 months (Walkowiak et al., 2001; Winneke et al., 1998). Final sample at 
72-month follow-up consisted of 70 children (Winneke et al., 2005). 
 
Dutch cohort 
The overall Dutch cohort consisted of 418 mother-infant pairs recruited between June 1990 and 
June 1992 in the rural Groningen and industrial Rotterdam regions of Netherlands. Levels of 
PCBs, polychlorinated dibenzodioxins (PCDDs) and PCDFs in maternal milk, maternal serum 
and cord serum were used as exposure indices (Huisman et al., 1995a). To discriminate between 
prenatal and postnatal exposure, 50% of mother-infant pairs were selected because they intended 
to breast-feed for at least six weeks. Remaining 50% who intended to formula-feed were 
provided formula from a single batch. Neurological optimality was assessed in children of the 
complete cohort during neonatal period, at 18 and 42 months, and at 7 years of age (Huisman et 
al., 1995a; Patandin et al., 1998, 1999; Vreugdenhil et al., 2002). Children of Rotterdam cohort 
were tested at birth, at 3, 7, 18 and 42 months, and at 7 and 9 years of age (Koopman-Esseboom 






Oswego cohort  
Oswego Newborn and Infant Development Project was initiated to study the impact of exposure 
to PCBs and other persistent organic contaminants on the development of children living in 
Oswego, on the shore of Lake Ontario. A total of 2587 pregnant women visiting the clinic from 
June 1991 until June 1994 for their 20-week follow-up were invited to participate in a 
prospective study (Lonky et al., 1996). Final sample consisted of 309 women, with 145 women 
who reported never having consumed Lake Ontario fish in their life and 134 women who 
reported having consumed at least 40 PCB-equivalent fish lbs of Lake Ontario fish in their 
lifetime (Stewart et al., 1999). Prenatal PCB levels were measured in umbilical cord blood and 
placenta. Exposure to MeHg, lead, DDE, hexachlorobenzene (HCB) and mirex was also 
documented. Of the 293 children who were assessed at birth, 230 were evaluated at 6 and 12 
months. Sample followed-up between 38 months and 11 years of age consisted of approximately 
200 children (Darvill et al., 2000; Stewart et al., 2000, 2003a,b, 2005,2006, 2008, 2012). 
 
Collaborative Perinatal Project  
In the Collaborative Perinatal Project (CPP) cohort, pregnant women were recruited between 
1959 and 1965 from 12 study centers across the United States. Data for the CPP cohort have 
been archived and were collected prospectively from birth to school age. In these cohort studies, 
children were eligible if they were singleton and if third trimester maternal serum specimen (3 
ml) were available (Daniels et al., 2003; Gray et al., 2005; Longnecker et al., 2005). From the 43 
628 eligible children, over 1000 were randomly selected. Of children enrolled in the CPP, 71 




New Bedford cohort  
New Bedford cohort consisted of English- or Portuguese-speaking mothers aged above 18 years 
old who resided near a PCB-contaminated harbor. Between 1993 and 1998, 788 mother-infant 
pairs were recruited from a local hospital (representing 10% of eligible mother-infant pairs 
during recruitment period) (Sagiv et al., 2007). PCB concentrations as well as two chlorinated 
pesticide levels (DDE, HCB) were measured in umbilical cord serum. Of the 722 infants 
included in the initial study of Sagiv et al. (2007), about 540 were evaluated between birth and 2 
weeks of age (Sagiv et al., 2008), and 573 were followed until 8 years of age (Sagiv et al., 2010).  
3.4.2  Standardization of bioindicators of PCB body burden across studies 
In all published studies, measurements of PCBs in maternal and umbilical cord blood or plasma, 
and in samples of breast milk taken up to two weeks after birth were used as surrogates for 
prenatal PCB exposure (Table 4). Reported descriptive statistics for the different cohorts are 
summarized in Table 4, along with corresponding standardized concentrations of PCBs in terms 
of µg PCBMPEQ/kg lipids. 
3.4.3  Systematic analysis of indexed epidemiological studies 
Temporal sequence between prenatal PCB exposure and associated developmental effects can be 
considered systematically followed as presence of PCBs in umbilical cord blood samples reveals 
that the foetus is exposed throughout prenatal period. Biological plausibility of developmental 
effects induced by PCBs is further supported by endocrin-disrupting effects of these compounds 
during foetal and neonatal period, especially on thyroid gland (ATSDR, 2000; Brouwer et al., 
1999; Brouwer et al., 1998; Gauger et al., 2004; Gauger et al., 2008; Martin and Klaassen, 2010; 
Meerts et al., 2002; Meerts et al., 2004; Parent et al., 2011).  
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3.4.3.1  Consistency of the association 
Summary results in the studied nine cohorts on observed associations between reported PCB 
levels and development at different ages are presented in Table 5. Consistency of results along 
with standardized prenatal PCB concentrations in maternal plasma (µg PCBMPEQ/kg lipids) for 
each cohort is summarized in Table 6. Standardized biological PCB levels in this table 
correspond to those measured at the beginning of children follow-up. 
 
A.  Association between prenatal PCB exposure and mental development 
Mental development data are summarized in Tables 5 and 6. Among studied cohorts, North 
Carolina children wwere followed until preschool age while those of the other cohorts were 
studied until school age (Table 5). A significant association between increased prenatal PCB 
exposure and impaired mental development of children across the four periods of age was 
consistently reported in the Michigan and New Bedford cohorts only. Temporal consistency was 
also observed in the prospective follow-up of CPP and Faroe Island cohorts, but in an inverse 
direction; in these cohorts, a lack of significant association between prenatal PCB exposure and 
various mental development tests was shown through time (Tables 5 and 6). A priori, 
comparison of follow-up results between Michigan and Faroe Island cohorts show 
inconsistencies, given that prenatal PCB exposure intervals overlap in those two cohorts 
(Table 6). Temporal observations of effects in New Bedford cohort are also divergent from those 
reported in Michigan cohort, given that they appeared at PCB exposure intervals where no 




In the remaining five cohorts (Düsseldorf, North Carolina, Oswego as well as overall and 
Rotterdam cohorts of Netherlands), reported “prenatal PCB exposure–mental developmental 
effect” relationship showed temporal inconsistency depending on studied subgroup, age period, 
mental development test or PCB biological measurement (i.e., matrix, groups of PCB 
congeners). However, Winneke et al. (2005) as well as Gladen and Rogan (1991) recognized that 
the deficit seen respectively in Düsseldorf and North Carolina children was transient rather than 
a permanent deficit. In this work, a lack of association between prenatal PCB exposure and 
mental development was thus assumed for these two cohorts (Tables 5 and 6).  
 
In Oswego cohort, a significant inverse association was reported between prenatal PCB exposure 
and mental function at young age or at least for one of the five considered mental abilities at 
preschool and school age. Discrepancies observed in the follow-up of this cohort did not allow to 
conclude in a consistency of observed effects (Tables 5 and 6). During neonatal period, no 
association was reported between an increase in prenatal PCB concentrations and scores on the 
Brazelton Neonatal Scales (NBAS) test within 12 to 24 hours after birth, whereas a significant 
inverse correlation emerged when the test was conducted from 25 to 48 hours after birth (Stewart 
et al., 2000). Associations between prenatal PCB levels measured in cord blood and scores on the 
Fagan Test of Infant Intelligence (FTII) test at six months of age also differed depending on the 
congeners used to estimate exposure (i.e., highly chlorinated PCBs or total PCBs). In contrast, at 
12 months of age, a significant linear inverse association was reported between these two 
biological markers and FTII performance (Darvill et al., 2000). When analyzing relationship 
between prenatal exposure metric (i.e., highly chlorinated PCBs as previously) and cognitive 
scores (General Cognitive Index, GCI) of the McCarthy Scales of Children’s Abilities (MCSC), 
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performances declined in a dose-dependent manner at 38 months (p < 0.01), but not at 54 months 
of age (p > 0.05) (Stewart et al., 2003b). Temporal inconsistencies were also noted for word 
knowledge scores between assessments performed in children aged 38 and 54 months (Stewart et 
al., 2003b). In children aged 8 to 11 years old, significant negative associations were reported 
between PCB levels in umbilical cord blood (highly chlorinated PCBs or total PCBs) or in 
placental tissue (total PCBs) and cognitive development (Stewart et al., 2005, 2006, 2008, 2012).  
 
With regard to the follow-up of the overall Dutch cohort, the same PCB congeners were 
measured (i.e., PCB 118, 138, 153, 180) whatever the biological matrix used to assess prenatal 
PCB exposure. However, relationship between prenatal PCB exposure and mental development 
effects showed inconsistencies depending on the matrix used to assess exposure (umbilical cord 
or maternal plasma) or the age at which tests were administered. During neonatal period, scores 
on the Prechtl neurological exam were unrelated to prenatal PCB levels measured in both 
umbilical cord and maternal plasma (Huisman et al., 1995a). In 42-month-old children, multiple 
regression analysis showed a significant negative association between PCB maternal plasma 
levels and the three scales of the Kaufman Assessment Battery for Children (K-ABC) (overall 
cognitive scales, and sequential and simultaneous processing scales). After stratifying this latter 
exposure index in five groups, the highest exposed group scored 4 points lower on the three 
scales of K-ABC test compared with the lowest exposed group; statistical significance of these 
results was not supplied. Using umbilical cord plasma as prenatal PCB exposure metric, multiple 
regression analysis showed a negative association between PCB levels and the simultaneous 
processing scales only (Patandin et al., 1999). Later, when assessing cognitive abilities of this 
 117 
 
cohort at 6.5 years of age with the MCSC test, maternal plasma PCB levels were not related to 
GCI and memory, after adjustment for confounding variables (Vreugdenhil et al., 2002).  
 
In Rotterdam subgroup of Dutch cohort, mental abilities measured with Mental Development 
Index (MDI) score of Bayley Scales of Infant Development (BSID) test between 3 and 18 
months of age were not related to PCB levels in both umbilical and maternal plasma (Koopman-
Esseboom et al., 1996). Verbal comprehension evaluated with Reynell Developmental Language 
Scales (RDLS) was also unrelated to PCB levels in maternal plasma in these children at 42 
months (Patandin et al., 1999). Within this cohort, 104 children were reported to have been 
followed at 9 years of age, that is the 26 children with the lowest and 26 with the highest prenatal 
PCB exposure levels (on the basis of maternal plasma levels) from both breast-fed and formula-
fed groups (Vreugdenhil et al., 2004a,b). Negative associations were found between some PCB 
exposure metrics and Simple Reaction Time Test (SRTT), latency of P300 wave of even-related 
brain potentials (P300) or Tower of London (TOL) tests (Table 5). From available follow-up 
data from birth to school age, no clear conclusion on temporal consistency of “prenatal PCB 
exposure–mental development” relationship emerged. The partial number of children followed at 
school age cannot be representative of Rotterdam cohort assessed since birth.  
 
B.  Association between prenatal PCB exposure and motor development 
Results summarized in Table 5 show a temporal consistent lack of an association between 
prenatal PCB exposure and scores on motor function tests in the Michigan and Faroe cohorts. 
These results are in concordance with those obtained in the Düsseldorf and North Carolina 
children. In the New Bedford and CPP cohorts, this relationship was verified in one case shortly 
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after birth and in the other case in 8-year-old children; again no association was reported 
between these two variables (Table 5). In children of the overall cohort of Netherlands, motor 
development during neonatal period and at 42 months or 6.5 years of age (as measured by scores 
on Prechtl  or MCSC, respectively) was unrelated to prenatal PCB levels (Table 5) (Huisman et 
al., 1995a; Lanting et al., 1998; Vreugdenhil et al., 2002). In contrast, in 18-month-old children, 
a weak negative effect on motor condition was seen (Huisman et al., 1995b). Effects of prenatal 
PCB exposure on motor skills were significantly modified by parental verbal IQ and HOME 
scores, and mean motor scales were comparable to those of the normal population (Vreugdenhil 
et al., 2002). In the remaining two cohorts of Rotterdam and Oswego, temporal inconsistencies in 
the associations were noted (Koopman-Esseboom et al., 1996; Stewart et al., 2000, 2003b). In 
Dutch cohort of Rotterdam, although the two measurements of prenatal PCB exposure (i.e., 
umbilical cord and maternal plasma) were highly correlated  (Koopman-Esseboom et al., 1996), 
inconsistencies between these two prenatal exposure metrics and psychomotor PDI scales of the 
BSID test were reported in children at 3 months of age (Table 5).  
 
Overall, follow-up of children of the Oswego and the two Dutch cohorts did not show any 
temporal consistent presence or lack of an association between prenatal PCB exposure and 
mental or motor development (Tables 5 and 6) required to establish a “biological concentration – 
long-term response” relationship. These cohorts were not retained in the subsequent systematic 
analysis. Median standardized prenatal PCB concentration in the Oswego and the two Dutch 
cohorts was in the same order of magnitude as that of CPP cohort and about half the value of 
Faroe Island cohort, in which a temporal consistent lack of significant association between PCB 
biological concentration and development was obtained (Table 6). 
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3.4.3.2  “Concentration–response” gradient 
For each cohort retained for its temporal consistency in the association between prenatal PCB 
exposure and developmental effects (i.e., Michigan, Faroe Islands, Düsseldorf, CPP, North 
Carolina, New Bedford), “standardized PCB concentration–temporal response” gradient was 
studied, and these data are summarized in Table 7. This analysis should allow verifying whether 
most exposed group of children in a cohort consistently had significantly lower scores on tests 
than children with lower exposure.  
 
Table 7 shows that in CPP, North Carolina and Faroe Island cohorts, the same index of prenatal 
PCB exposure (i.e., in terms of biological matrix used, PCB congeners measured and exposure 
variable) was used for statistical analysis of associations between prenatal PCB exposure and 
developmental effects during follow-up of children. In New Bedford cohort, the same index of 
prenatal PCB exposure was also used through time, but intervals of PCB exposure for the 
different quartiles were reported only in the initial study (Sagiv et al., 2007). In the Michigan and 
Düsseldorf cohorts, there were variations in PCB exposure index considered during follow-up, 
although in the case of Düsseldorf cohort, analysis was made using same exposure index at two 
age-periods between childhood and school age (Table 7).  
 
As mentioned previously, among retained cohorts, a temporal consistent negative association 
between prenatal PCB exposure and at least one mental development function at each period of 
age was observed in the follow-up of Michigan and New Bedford cohorts only. To facilitate 
overall analysis of the “concentration – response” gradient, only significant negative associations 
obtained for these cohorts are reported in Table 7. In Michigan cohort, when statistical analyses 
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were performed by grouping PCB biological levels in categories, Table 7 shows that PCB levels 
in umbilical cord serum were associated with impaired mental development in a dose-dependent 
manner. At 7 months of age, compared to “reference group” (i.e., < 1920 µg PCBMPEQ/kg lipids), 
the “exposed group” (i.e., ≥ 1920 µg PCBMPEQ/kg lipids) was found to be three times more at 
risk of scoring in the lower tail of the distribution for visual recognition memory (< mean–1 SD). 
At 4 years of age, poorer response inhibition was further related to prenatal PCB exposure, and 
the “exposed group” (i.e., ≥ 1920 µg PCBMPEQ/kg lipids) was twice as likely to make much more 
errors in Stenberg Memory Paradigm (SMP) test than “reference group” (Table 7).  
 
Using the same biological matrix but stratifying prenatal PCB exposure in four categories, at 4 
years of age, children of the highest exposure category (i.e., standardized values ≥ 3202 µg 
PCBMPEQ/kg lipids) scored 6.6 points lower than the first exposure category (i.e., < 960 µg 
PCBMPEQ/kg lipids) for the memorization scales of the MCSC test (Table 7). Using composite 
levels as a prenatal exposure metric but stratifying PCB exposure in five categories, at 11 years 
of age, scores on tests assessing attention, IQ and verbal comprehension revealed that the 
Michigan children exposed to greater than 1031 µg PCBMPEQ/kg lipids (≥ 5th category) were 
three times more likely to perform poorly than children less exposed (1-4th categories used as 
reference) (Table 7). Again considering the composite metric but as a continuous variable, 
attention and working memory deficits as assessed with Digit Cancellation Test (DCT) and SMP 
test respectively increased with prenatal PCB concentrations (mean ± SD of 778 ± 1022 µg 




In New Bedford cohort, effect of prenatal PCB exposure on attention during neonatal period and 
early life was examined with NBAS test administered at birth (i.e., between the 1st and 3rd day of 
life) and at 2 weeks of age (i.e., between the 5 and 22 days) (Sagiv et al., 2008). Eight a priori 
selected scales of the NBAS test were used to study attention or abilities potentially associated 
with attention. Although most analysis results showed consistent declines in attention-related 
scores with increasing quartile of PCB exposure, Sagiv et al. (2008) observed that p-values for 
trend were statistically significant only for one third of studied associations. There were less 
consistent associations between PCB exposure and abilities potentially associated with attention 
(e.g., state-related or motor abilities items). In 8-year old children on average (i.e., from 7 to 11 
years of age), associations between prenatal PCB exposure and Attention Deficit Hyperactivity 
Disorder (ADHD) were further investigated (Sagiv et al., 2010) (measured with Conners Rating 
Scales for Teachers (CRS-T) test). Higher relative risk of atypical behavior was reported at PCB 
exposure levels exceeding 400 PCBMPEQ µg/kg lipids, as established when comparing 4th quartile 
(i.e., 400 to 5874 µg  PCBMPEQ/kg lipids) with 1st quartile (PCB concentrations not provided) 
(i.e., RR = 1.76; 95% CI = 1.06 to 2.92) (Table 7).   
 
In Faroe Islands cohort, increased PCB levels were not associated with significantly impaired 
mental development at 2 weeks and 7 years, although the 75th percentile of biological 
concentrations reached 2552 µg/kg PCBMPEQ/kg lipids (Table 7). In the Düsseldorf cohort, 
considering studies that used the same prenatal PCB exposure metric for statistical analyses (i.e., 
breast milk levels of PCBs two weeks after birth), effects were not considered permanent 
deficits, while the 95th percentile of the distribution of prenatal PCB exposure reached 1533 
µg/kg PCBMPEQ/kg lipids (Table 7). In CPP and North Carolina cohorts, where prenatal PCB 
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exposure was treated as a categorical variable, a lack of “concentration–temporal response” 
gradient between studies was also highlighted at exposure levels over 893 and 1140 µg/kg 
PCBMPEQ/kg lipids, respectively (Table 7). 
 
Combining results obtained in the six retained cohorts revealed discrepancies. Statistical results 
with exposure variable treated as categorical showed that the lowest prenatal exposure level 
above which a significant mental effect was observed in Michigan cohort could be established at 
1031 µg PCBMPEQ/kg lipids. An apparent threshold of mild to markedly atypical behavior was 
established in New Bedford cohort from 400 to 5875 µg PCBMPEQ/kg lipids. These results are in 
contrast with those obtained in cohorts of Faroe Islands, CPP and North Carolina, where no 
consistent significant effects during follow-up were related to prenatal PCB exposure above 
2552, 893 and 1140 µg PCBMPEQ/kg lipids, respectively. When statistical analysis was performed 
considering PCB biological levels as a continuous variable, results in Michigan and New 
Bedford cohorts contredict those obtained in Faroe Islands and Düsseldorf cohorts. Follow-up of 
Michigan and New Bedford cohorts revealed a significant association between an increase in 
biological PCB concentrations among mothers and mental effects, while follow-up of Faroe 
Islands and Düsseldorf children failed to show any significant association (Table 7), although 
standardized PCB concentrations are generally shown in Table 6 to overlap in those four cohorts.  
 
Overall analysis of “standardized PCB concentration–temporal response” gradient criterion 
across the six retained cohorts did not reveal any clear gradient between prenatal PCB exposure 
and a persistent impaired mental development until school age. As for motor development, 
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combining results of the retained cohorts did not reveal any clear “PCB biological concentration-
temporal impaired motor function” gradient at the described exposure levels (Table 7).  
3.4.3.3  Strength of the association 
Table 8 summarizes results of the systematic application of standard methodological criteria 
(Table 3) for the analysis of the “strength of the association” in the six retained cohorts. For all 
cohorts, a high confidence (+ sign) was assigned to two of the analyzed criteria, i.e. effect 
assessment and statistical analysis; studied effects were generally assessed with recognized 
neuropsychological tests, and statistical analyses were conducted by multiple regression analysis, 
thus controlling for potential confounding variables (Table 8). Conversely, for all cohorts except 
CPP cohort, less confidence (minus sign) was assigned to “randomization”, “response rate”, and 
“precision of results” (Table 8). For “randomization” parameter in the Michigan, Faroe Islands, 
Düsseldorf, North Carolina and New Bedford cohorts, a minus sign was attributed given that 
individuals were not randomly selected. For “response rate” parameter, a minus sign was also 
applied to Faroe Islands cohort as about 64% of all newborns were included in the cohort 
(Steuerwald et al., 2000), and for the Michigan, Düsseldorf, North Carolina and New Bedford 
cohorts, this ratio was not reported (Table 8). Regarding “precision of results” criterion, 
statistically significant findings were generally reported with p-values, which prevents us from 
assessing precision of reported results; a minus sign was assigned in those cases. Confidence 
intervals or standard errors were systematically reported only in CPP cohort studies; a plus 




As for “tracing of subjects”, “exposure measurement” (“direct/indirect exposure assessment” and 
“consistency of biological markers”) and “control of confounding variables”, which are key 
methodological criteria, a high confidence was given to all these criteria only in CPP and North 
Carolina cohorts. In CPP cohort, of the 1065 children randomly selected, 890 were followed 
until school age which corresponds to 83% of the initial study population sample (Table 7). 
Assessment of prenatal PCB exposure was performed with the same metric during the follow-up 
period and was stratified similarly in each study. Covariates related to both PCB exposure and 
developmental effects were also included in statistical anlaysis, namely maternal and children 
characteristics, socioeconomic index, and DDE exposure, which is considered a proxy of 
exposure to other correlated environmental contaminants (Daniels et al., 2003; Gray et al., 2005; 
Longnecker et al., 2005). Analysis was also conducted with or without considering breastfed 
children (which represented 15% of the cohort), and did not reveal any significant difference in 
results. In addition to random sampling, inclusion of subjects with ”extreme values” of studied 
outcomes was assessed to increase power of studied results. 
 
In North Carolina cohort, 636 children were followed until 5 years of age out of the 866 children 
assessed for birth weight. Since this corresponds to an attrition rate of 73%, a high confidence 
was assigned to “tracing of subjects” parameter in this cohort (Table 8). Confidence was also 
given to “direct/indirect exposure assessment” and “consistency of biological markers” 
parameters as PCB concentrations were estimated directly in maternal milk and as a same 
exposure metric was consistently used during statistical analysis throughout the follow-up of this 
cohort (Table 8). Control of confounding variables” criterion for this cohort was also assigned a 
plus sign, since authors controlled for several maternal and infant characteristics, including 
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breastfeeding. Independent analysis were made for DDE, which may be considered as a proxy of 
concomitant exposure to other contaminants such as MeHg, PCDDs, PCDFs (Gladen and Rogan, 
1991; Gladen et al., 1988; Rogan and Gladen, 1991; Rogan et al., 1986a) (Table 8). 
 
In Michigan cohort, a lower confidence was given to “tracing of subjects”,  “exposure 
assessment”, “consistency of biological markers” and “control of confounding variables” 
(Table 8). The number of participants differed significantly from one study to the other and could 
not be related only to attrition. As summarized in Tables 5 and 7, 241 newborns were assessed at 
birth, while only 81 children were evaluated at 7 months of age, and a higher number of children 
of approximatly 156 and 178 was then followed at 4 and 11 years of age, respectively (Fein et 
al., 1984; Jacobson and Jacobson, 1996, 2001, 2002a, 2003; Jacobson et al., 1985, 1990). The 
number of children in the most exposed group, in which an impaired development was seen, also 
varied from study to another given that stratification was not homogenous in all studies, which 
makes it difficult to analyze persistence of observed effect. During follow-up of children in 
Michigan cohort, different PCB exposure metrics were further used (i.e., composite, maternal or 
umbilical serum, maternal milk) and exposure categories differed depending on the study 
(dichotomous, four, five categories…). In many instances, a composite score (z scores) served as 
an indirect index of prenatal PCB exposure, and was derived from a combination of three 
exposure metrics with low percent detection: PCB concentrations in umbilical cord serum, 
maternal serum and breast milk (70, 22 and about 50% non detectable values, respectively) 




Regarding “control of confounding variables” in the Michigan cohort, considered confounding 
variables were different across studies, but this may be explained in part by differences in 
exposure groups and sample size between studies. In general, variables showing a difference in 
incidence between exposure groups at p < 0.1 were treated as potential confounding variables 
(Fein et al., 1984; Jacobson and Jacobson, 2002a, 2003; Jacobson et al., 1990, 1992, 1985); in 
Jacobson and Jacobson (1996), the significance cut-off was set to p < 0.2. Although most studies 
in Michigan cohort controlled for polybrominated biphenyls (PBB) exposure, maternal exposure 
to environmental covariates such as lead, PCDFs, PCDDs, DDE or MeHg was not considered in 
the statistical analysis. Impaired development was related to MeHg and lead body burden of 
children of this cohort; a higher lead body burden at 4 years of age was related to lower verbal 
IQ scores, and poorer word, verbal and reading comprehension (p < 0.05). Higher mercury 
exposure at 11 years of age was also associated with poorer spelling (Jacobson and Jacobson, 
1996). As maternal exposure to these contaminants was not controlled consistently during 
follow-up of Michigan cohort, exposure to lead and MeHg in particular cannot not be excluded 
as explanatory variables. Relation between PCB levels and cognitive outcome was not 
significantly different between children breast-fed more or less than 6 weeks after controlling for 
the HOME (Jacobson and Jacobson, 2002a). It is also to be noted that the effect size in this 
cohort was small and, as mentionned by Jacobson and Jacobson (2002a), performances in these 
children were within normal range. 
 
Concerning Faroe Islands cohort, 94% of the 182 children enrolled at birth (Grandjean et al., 
2001a) agreed to participate at school age (n = 166), but results of statistical analysis were 
reported for 101 to 105 children, i.e. about 58%; a lower confidence was therefore given to 
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“tracing of subjects” parameter for this cohort (Tables 7 and 8). PCBs were quantified directly in 
maternal serum; “exposure assessment” parameter was thus assigned a high confidence. The 
same rating was also given to “consistency of biological markers” parameter since follow-up of 
children between the ages of two weeks and seven years was made with the same exposure 
metric (same matrix, same PCBs) and considered as a continuous variable (Coccini et al., 2009; 
Steuerwald et al., 2000) (Tables 7 and 8). A high confidence (+ sign) was further given to 
“control of confounding variables” criterion. In Steuwerwald et al. (2000), potential covariates 
selected a priori were entered in multiple regression models if they contributed significantly at p 
< 0.1. In the study of Coccini et al. (2009), characteristics of children, maternal Raven scores and 
HOME scores were controlled. In all studies, no adjustment was made for lead, PCDDs and 
PCDFs exposure, but mercury was considered as an independent variable (Coccini et al., 2009).   
 
In the Düsseldorf cohort, less confidence was assigned to “tracing of subjects” parameter. A total 
of 169 cord blood and 131 milk samples of the 171 participants were available for PCB analysis 
(Winneke et al., 1998); however, among children for whom milk samples were available and 
assessed at 7 months, only 70 were successfully approached at 72 months of age, which 
represents an attrition of 53% (Table 8). A high confidence was given to the “consistency of 
biological markers” parameter given that PCB levels in maternal milk, treated as a continuous 
variable, were consistently used as an exposure index during follow-up of children between 7 
and 72 months of age (Tables 7 and 8). Less confidence was given to “control of confounding 
variables” criterion. Several potential confounders were considered in studies on follow-up of 
these children (gestational age, neonatal illness, parity, parental education, maternal occupation, 
maternal IQ, Apgar score, duration of breast-feeding, HOME score, and cord blood lead 
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concentration), but exposure to environmental contaminants correlated to PCB levels (such as 
PCDDs, PCDFs, DDE or MeHg) was not considered as confounders (Walkowiak et al., 2001; 
Winneke et al., 1998, 2005) (Table 8).  
 
In New Bedford cohort, among the 722 newborns initially enrolled (Sagiv et al., 2007), 573 were 
followed until 8 years of age (Sagiv et al., 2008, 2010). As results of adjusted statistical analysis 
were reported for 487 to 521 children, i.e. about 67% to 72%, a lower confidence (± sign) was 
given to “tracing of subjects” (Table 8). Confidence was given to “direct/indirect exposure 
assessment” and “consistency of biological markers” parameters in this cohort. PCB levels were 
measured in umbilical cord serum and two of the exposure indices used in the initial study were 
consistently used during follow-up (i.e., sum of PCB 118, 138, 153, 180 and Toxic Equivalent of 
mono-ortho PCBs). This variable was also stratified in quartiles throughout the follow-up of this 
cohort (Sagiv et al., 2008, 2010). A high confidence was also assigned to “confounding 
variables” criteria (Table 8). Confounders were based on a priori considerations of covariate 
associations with exposure and outcome, and were entered in statistical models if they 
contributed significantly at p < 0.1. These covariates included characteristics of mothers and 
children, socio-economic status, breastfeeding and exposure to others environnemental 
contaminants. “Precision of results” criteria in the New Bedford cohort was given less 
confidence. In the follow up of these children, results of risk ratios were reported in the form of 
figures and PCB exposure intervals for the various quartiles were not specified (Sagiv et al., 
2008, 2010). Statistical significance (p value or 95% CI) of the adjusted change in test scores 
from the 5th to the 95th percentile of exposure were not consistently given, which does not allow 
a clear analysis of reported results and their precision (Sagiv et al., 2008, 2010). Effect size was 
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also small and, as noted by Sagiv et al. (2010), assessed outcomes were modest and had no 
clinical significance. 
 
Overall, application of these methodological criteria showed that a high confidence was 
systematically appointed to the CPP cohort, hence strength of the established lack of significant 
associations between PCB exposure and developmental effects during follow-up. For the North 
Carolina, New Bedford, Faroe Islands, Düsseldorf and Michigan cohorts, high (+) or fairly good 
(±) confidence was given to 6, 6, 5, 4 and 3 of the 9 parameters assessed, respectively, which 
may be viewed as indicative, in descending order, of the confidence that can be given to the 
strength of the observed associations during follow-up (Table 8).  
3.4.3.4  Specificity of the association  
PCB-related effects on development are not specific and other chemicals which are correlated 
with PCBs are known to affect children development and could be probable confounders. It is 
the case of PCDFs, PCDDs, DDE and MeHg (Grandjean et al., 2008; Guo et al., 2004; Nakajima 
et al., 2006; Rogan et al., 1986a). Of the six retained cohorts in our systematic analysis (Tables 7 
and 8), children of Michigan cohort were born to mothers who consumed contaminated fish, and 
children of New Bedford cohort were born to mothers residing near a PCB-contaminated harbor. 
It is possible that PCB exposure in these populations is a marker of fish or geographic 
contamination and therefore a proxy of exposure to other uncontrolled contaminants. 
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3.5  Overall assessment of the concentration-response relationship between 
prenatal PCB exposure and development based on the standardized approach 
This study allowed to better assess the impact of prenatal PCB exposure on mental and motor 
development through a systematic analysis of temporal “biological PCB concentration–
development” relationship in cohorts, following a standardization of biological data and 
application of causality criteria. In the last decades, other review studies have attempted to 
standardize biological PCB measurements between studies to better assess PCB related-effects 
(Hagmar, 2003; Longnecker, 2001; Longnecker et al., 2003; Toft et al., 2004). To our 
knowledge, this is the first study to have used such standardization procedure to perform a 
systematic analysis of associations between prenatal PCB exposure and mental and motor 
developmental during follow-up of cohorts from neonatal period or a young age until school age.  
Combining results of all studied cohorts did not allow to establish an association between 
prenatal exposure to PCBs and abnormal development. Considering the six cohorts for which 
higher confidence was assigned in the systematic analysis, there is a low probability of clinical 
disorders of mental or motor development occurring at total PCB concentrations of less than 
1000 µg PCBMPEQ/kg lipids (lowest 95th percentile value among the six retained cohorts as 
reported in Table 6). This comes down to assigning this value to the 95th percentile of North 
Carolina and CPP cohorts, the two cohorts with the highest confidence in the assessment of 
strength of the association; they were also the only two cohorts with both a high confidence for 
tracing of subjects and control of confounding variables, two of the parameters ensuring strength 
of an association during follow-up of children. The significant results reported above this value 




Our current standardization approach was dependent on available data for such standardization. 
As discussed in El Majidi et al. (2012), Canadian data of Newsome et al. (1995) were used for 
standardization. However, PCB exposure in Canadian parturients may not be representative of 
that of participating mothers in all studied cohorts; composition of the mixture of PCB congeners 
may show time and geographic variations. Data of Newsome et al. (1995) pertain to a specific 
time period and may not be representative of other periods. Milk samples were collected in 1992, 
while sampling period between the reviewed studies ranged from 1959 to 1998 (Table 4). This 
could have introduced a certain bias in the estimation of standardized total PCB concentrations in 
some of the cohorts retained in our final analysis, namely Michigan, CPP, North Carolina and 
New Bedford cohorts. In Michigan, CPP and North Carolina cohorts, given that biological 
samples were collected before 1992 and considering temporal decrease of PCB levels in the 
environment, actual prenatal PCB exposure may be an underestimation of actual values. In New 
Bedford cohort, as biological specimens were collected during the six years following sampling 
by Newsome et al. (1995), standardized concentrations in terms of µg PCBMPEQ/kg lipids may 
not be a precise estimate of actual prenatal PCB exposure in this cohort.   
 
In CPP and New Bedford cohorts, groups of PCB congeners were measured to evaluate prenatal 
PCB exposure instead of total PCB concentrations (Table 4). Measured PCBs in New Bedford 
had five chlorine atoms or more; it is also the case for eight of the 11 measured PCBs in CPP 
cohort. Considering the increase with time in the proportion of highly chlorinated PCB 
congeners in biological matrices (Seegal et al., 2011), this may contribute to further 
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underestimate actual prenatal exposure to total PCBs in newborns of CPP cohort; in the New 
Bedford cohort, it further increases imprecision of standardized value estimates. 
 
Since our systematic analysis was based on published data, it is further limited by the available 
description of explanatory variables. This analysis could have been facilitated if all studies 
reported consistently descriptive statistics (mean, percentiles, % detectable values and numbers 
in each studied group). Also, a description of all variables considered in the different studies 
would have refined this systematic analysis (such as age of mothers, their education as well as 
socioeconomic status). Determinants of mental and motor development may also vary between 
cohorts; cohorts selected may represent the general population, mothers consuming high levels 
of contaminated fish or those living near a contaminated site. Children of Michigan and Faroe 
Islands cohorts were both born to mothers with a high intake of seafood. Reported negative 
association between prenatal PCB exposure and mental development in Michigan cohort may 
partly be explained by a co-exposure to uncontrolled correlated contaminants (e.g., MeHg, 
PCDDs or PCDFs). Also, children of the New Bedford cohort were the only ones born to 
mothers residing in towns bordering a contaminated harbor. In this cohort, it cannot be excluded 
that exposure to uncontrolled contaminants (such as PCDDs or PCDFs) may explain part of the 
reported associations, although lead exposure did not confound association between prenatal 
PCB exposure and attention, and inclusion of DDE in statistical models produced a slight but not 
meaningful change in estimated “PCBs – attention” association (Sagiv et al., 2010). In North 
Carolina cohort as well as in Düsseldorf cohort, most of the women breast-fed (88% and 83%, 
respectively). Moreover, 53% of women of the North Carolina cohort had a college education or 
the equivalent and 41% were professionals; only 17.7% of the German mothers had a low 
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education (Rogan et al., 1986b; Winneke et al., 1998). Given that breastfeeding and quality of 
the child environment are recognized to have beneficial effects on child development (Jacobson 
and Jacobson, 2003; Vreugdenhil et al., 2004b; Walkowiak et al., 2001), their favorable impact 
on observed results in these two cohorts cannot be excluded. As noted by Rose et al. (2008), the 
determinants of prevalence or incidence of disease are not necessarily the same as the causes of 
cases. Thus, it cannot be excluded that different characteristics of populations may explain some 
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Conversion of volume-weighted PCB concentrations in plasma or blood into plasma lipid-adjusted 
concentrations 
Target groups  Reported concentration expressed in  
Mean conversion factor to express PCB 
concentration in  µg/kg of plasma lipids  
 
Men and  





µg/L whole blood d 222.63 
 





µg/L whole blood d 175.95 
 
Newborns  





µg/L whole blood d 584.42 
Note: To express the concentration in µg/kg plasma lipids, the reported concentration expressed in µg/L simply 
needs to be multiplied by the conversion factor. 
a Assuming that concentration of total lipids in plasma is of 7.35 g/L (ICRP, 1994). 
b Assuming that concentration of total lipids in pregnant women plasma is of 9.3 g/L (Butler Walker et al., 2003). 
c Assuming that concentration of total lipids in umbilical cord plasma is 2.8 g/L (Butler Walker et al., 2003). 
d Assuming that 90% of PCB molecules in blood are found in plasma lipids (Wolff, 1985) and that hematocrit is of 




Summary of neuropsychological tests used in the reviewed studies on the different cohorts 
Test Age Assessment  
 




Brazelton Neonatal Scales (NBAS) 1 < 3 days 
(shortly after 
delivery) 
Tonicity, reflexes, aptitude for visual and 
auditory orientation, state regulation  
 
Prechtl Newborn Neurological Exam (Prechtl) 2 3–10 days State, resting posture, muscle tonus 
 
Children tests   
Auditory-Verbal Learning Test (AVLT) 3 — Short-term verbal memory 
 
Bayley Scales of Infant Development (BSID) 
 Mental Development Index (MDI) 4  
 
< 3.5 years Age-appropriate cognitive ability  
Boston Naming Test (BNT) 4 5–13 years Visual naming ability 
 
California Verbal Learning  
Test  – Children (CVLT) 4 
5–16 years Verbal learning and memory 
Conners Rating Scale for Teachers (CRS-T) 5  Behaviors associated with attention deficit 
hyperactivity disorder (ADHD) 
 
Continuous Performance Test (CPT) 4 > 6 years Sustained attention and response inhibition 
 
Digit Cancellation Test (DCT) 6 — Focused attention 
 
Differential Reinforcement of Low Rates (DRL) 7  
 
 Response inhibition 
Extended Continuous Performance Test (E-CPT) 4 — Sustained attention and response inhibition 
 
Fagan Test of Infant Intelligence (FTII) 8 3–12 months Novelty preference, short-term memory, “infant 
intelligence”  
 
Kaufman Assessment Battery for Children (K-ABC) 4 5–17 years Age-appropriate cognitive processes and general 
intelligence  
Latency of P300 wave of even-related brain potentials 
(P300) 9 
  
— Cognitive function 
McCarthy Scales of Children’s Abilities (MCSC) 10 2.5–8 years Age-appropriate cognitive(General Cognitive 
Index, GCI), motors abilities  and memory scales) 
 
Peabody Picture Vocabulary Test-Revised (PPVT-R) 4 > 2.5 years Receptive vocabulary ability 
 
Rey Complex Figure Test (RCFT) 4 > 6 years Visual-spatial construction ability and 
visuospatial memory 
 
Reynell Developmental language Scales (RDLS) 11 — Age-appropriate development of language 
 
Simple Reaction Time Test (SRTT) 4  Sustained attention 
 
Stanford-Binet (S-B) 4 > 2 years General intelligence 
 
Stenberg Memory Paradigm  (SMP) 6 — Short-term memory, working memory Working 
memory (error of commission) 
 
Streissguth “Vigilence Paradigm” (SVP) 12  — Sustained attention 
and processing efficiency 
 
Stroop Color-Word (SCW) 4 > 5 years Executive function 
Tower of London (TOL) 13  Executive function 
 




Test Age Assessment  
Wide Range Achievement Test (WRAT) 4 > 5 years Academic achievement: It comprises three 
subtests: spelling, reading, and arithmetic. 
 
Wisconsin Card Sorting Test (WCST) 4 — Executive function 
 
 
Motor assessment  
Neonatal tests 
  
Bayley Scales of Infant Development (BSID)  
Psychomotor Development Index (PDI) 4 
 
< 2.5 years Age-appropriate motor ability  
 
Brazelton Neonatal Scales (NBAS) 1 < 3 days shortly 
after delivery 
Tonicity, reflexes, aptitude for visual and 
auditory orientation, state regulation  
 








McCarthy Scales of Children’s Abilities (MCSC) 10 2.5–8 years Age-appropriate cognitive and motors abilities 
(motor scale) 
 
Motor function using neurological examination (MF) 14  Age-appropriate evaluation of motor abilities 
(grasping, prehension, sitting, crawling, standing, 
and walking 
 
Neurobehavioral Evaluation System -Finger Taping 
Test(NES-FT) 3 
 
— Manual motor ability 
Santa Ana Pegboard (SAP) 15 — Manual motor ability 
 
Adapted from Golub and Jacobson (1995) and Ribas-Fito et al. (2001) 
Note: —,standardized age not available; reported results on PCB exposure and working memory, response inhibition 
(commission errors) and/or planning were all considered as executive function performances (Boucher et al., 2009; 
Strauss et al., 2006; Vreugdenhil et al., 2004a). 
1 Brazelton (1973); 2 Prechtl (1977); 3 Spreen and Strauss (1991); 4 Strauss (2006); 5 Conners et al. (1998); 6 Mirsky 
et al. (1991); 7 Barkley (1997); 8 Fagan and Detterman (1992); 9Vreugdenhil et al.(2004b); 10McCarthy (1972); 
11 Reynell and Huntley (1985); 12 Streissguth et al.(1984); 13 Shallice (1982); 14 Bierman-van Eendenburg (1981); 





Standard methodological criteria used in the systematic analysis of the reviewed studies to assess the strength 
of the “prenatal PCB exposure – mental and motor development” association 
Methodological criteria Evaluation parameters 
Cohort definition Randomization  
Unbiased (+) 
Biased (-) 
Not reported (0) 
 
Response rate - 
Over 75% (+) 
Lower than 75% (-) 
Not reported (0) 
 
Tracing of subjects 
Over 70% (+) 




Direct/Indirect exposure assessment a 
Measured (+) 
Estimated (-) 
Not reported (0) 
 
Consistency of biologic markers b 
Consistent (+) 
Not consistent (-) 
 
Assessment of effect 
 
Appropriate neuropsychological tests (+) c 
Not appropriate tests (-) 
 
Control of confounding variables 
 
Yes (+) d 
No (-) 
Not reported (0) 
 
Statistical analysis  
 
Appropriate (Multivariate analysis) (+) 
Not appropriate (-) 
 
Precision of results  
 
Confidence interval (CI) (+) 
p (-) 
Note: Adapted from Swanson et al.(1995) and based on Rothman (2002) and Rothman et al. (2008). 
a Confidence was given if sampling periods of biological measures correspond to those of pregnancy; b Consistent, 
same exposure index used for the follow-up of cohort (same matrix, same PCB congeners) and consistent treatment 
of exposure variable in statistical analysis; c Confidence was given to results obtained with recognized 
neuropsychological tests. d Confounders were assessed according to their classification in four categories: maternal 





Summary of biological measurements reported in studies analyzing the association between prenatal PCB exposure and mental or motor development 
along with the corresponding standardized biological levels 
Cohorts 
Prenatal exposure index and  
matrix of measurement  
(Year of sample collection) 
Reported PCB concentration in 












1) Umbilical cord serum 
 
 
2) Maternal serum 
 
 





     Mean ± SD: 2.5 ± 1.9 
     n = 241 
   
2) µg/L  
    Mean ± SD: 5.5 ± 3.7  
    n = 196 
 
3) µg/kg lipids of milk 
    Mean ± SD: 943.1 ± 1239.2 




1) Mean ± SD: 1600 ± 1217 a, b, c 
       
       
 
2) Mean ± SD: 650 ± 438 a, b 
      
      
 
3) Mean ± SD: 778 ± 1022 a, c 
      
 
Fein et al. (1984); Jacobson et 
al. (1984, 1985, 1989, 1990, 
1992); Jacobson and Jacobson 




∑PCBs (28 PCBs) 
(µg/kg lipids) 
Maternal serum  
 
∑(PCB138, 153, 180) x 2 






Geometric mean: 860; n = 182 
25th – 75th: 600 – 1300 
 
Geometric mean: 1120; n = 173 




Geometric mean: 860 
25th – 75th: 600–1300 
 
Geometric mean: 1528 e 
25th – 75th: 846–2551e 
 
 
Coccini et al. (2009); Grandjean 





ΣPCB 138, 153, 180 




2) Breast milk two weeks after birth 






1) Mean ± SD: 218.0 ±100.2 
    n = 169 
    95% CI: 83.3 – 355.4 
 
2) Mean ± SD: 426.5 ± 184.4  
    n = 131 




1) Mean ± SD: 970 ± 446 c, e 
 
    95% CI: 371 – 1581c, e 
 
2) Mean ± SD: 873 ± 377 c, e 
 
    95% CI: 342–1533  c, e 
 
Winneke et al. (1998, 2005); 




Prenatal exposure index and  
matrix of measurement  
(Year of sample collection) 
Reported PCB concentration in 









Netherlands†   
(Rotterdam cohort) 
 
Σ PCB 118, 138, 153, 180 
1) Umbilical cord plasma 
 
 






1) Median: 0.4; n = 182 
    Range: 0.08–2.08 
 
2) Median: 2.04; n = 206 
    Mean ± SD: 2.2 ± 1.0; n = 207 




1) Median: 534  b, c, e 
    Range: 107–2777  b, c, e 
 
2) Median: 503 b, e 
    Mean ± SD: 543 ± 247 b, e 
    Range: 145–1813 b, e 
 
 
Koopman-Esseboom et al. 
(1996); Patandin et al. (1998); 





Total PCBs and ΣPCBs Cl7-Cl9  





ΣPCB Cl7-Cl9  
Median: 0.05; n = 293 
25th – 75th: 0.01 – 0.2 
 
Total PCBs  
Median: 0.52; n = 293 




ΣPCB Cl7-Cl9  
Median: 226 b, c, e 
25th – 75th: 45 – 905 b, c, e 
 
Total PCBs  
Median: 495 b, c 
25th – 75th: 162 – 1057 b, c 
 
 
Darvil et al. (2000); Stewart et 
al. (1999, 2000, 2003a,b, 2005, 






Σ PCB 118, 138, 153, 180 
1) Umbilical cord plasma 
 
 





 µg/L  
1) Median:0.4; n = 373 
    95% CI: 0.2 – 0.9 
 
2) Median: 2.0; n = 415 




1) Median: 534 b, c, e 
    95% CI: 267–1202  b, c, e 
 
2) Median: 493 b, e 
    95% CI: 247 – 937  b, e 
 
 
Huisman et al. (1995a,b); 
Lanting et al. (1998); Patandin 
















µg/kg lipids  
Median: 1700; n = 866 
95% CI: 990 – 3500 
 
µg/L 
Median: 12.60; n = 872 
95th percentile: 34.60 
 
 
Median: 484 a, c 
95% CI: 282 – 997 a, c 
 
 
Median: 515 a, b 
95th percentile: 1413 a, b 
 
Rogan et al. (1986a,b); Gladen 
et al. (1988); Gladen and Rogan 





Prenatal exposure index and  
matrix of measurement  
(Year of sample collection) 
Reported PCB concentration in 











ΣPCBs (28, 52, 74, 105, 118, 138, 







Median: 2.7; n = 1207 
5th – 95th percentile: 1.8–6.25 
 
 
Median : 482 b, e 
5th – 95th percentile: 321–1116 b, e 
 
 
Daniels et al. (2003); Gray et al. 





Total PCBs (∑ 51 PCBs) 
Umbilical cord serum 
 
 
Σ PCB 118, 138, 153, 180 









Median: 0.19; n = 542 
Range: 0.00–4.41  
 
 
Total PCBs (∑ 51 PCBs) 
Median : 221 b, c 
Range: 41–10560 b, c 
 
Σ PCB 118, 138, 153, 180 
Median : 254 b, c, e 
Range: 0.00–5887 b, c, e 
 
 
Sagiv et al. (2007, 2008, 2010) 
Note: The cohorts are presentied in descending order of median or mean prenatal PCB exposure expressed in µg PCBMPEQ/kg lipids; PCBMPEQ, standardized PCB 
levels expressed as maternal plasma equivalent; §, PCB exposure from fish consumption; †, PCB exposure from ingested food other than contaminated fish; 
‡, PCB exposure from contaminated area; a Converted in terms of concentrations estimated by high resolution capillary column gas-chromatography 
(Longnecker et al., 2003); b Volume-weighted concentration converted into lipid-adjusted concentration; c Converted in terms of concentration in maternal 










birth § Effects at young age 

























































































–  10 
 
(182) 












































































na na na na na RDLS 
– 16 
(190) 























birth § Effects at young age 




















































































na na MF 
–29 
(394) 





































na na na na na na na na 






Na na Na na S-B  
– 36 
(758) 


















na na na na 
Note: The cohorts are presented in descending order of median or mean prenatal PCB exposure expressed in µg PCBMPEQ/kg lipids; PCBMPEQ, standardized PCB 
levels expressed as maternal plasma equivalent;§ Numbers in parentheses; ∆age or ∆matrix,variation of the observed association depending on the considered age 
or matrix; ∆child,variation in the observed association depending on social characteristics or breastfeeding status; ∆PCBs, variation of the observed association 
depending on the group of PCB congeners used as exposure variable; na, not available; ↓, statistically significant decreased performance in developmental test; 
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The full name of tests are presented in Table 2; MCSC1, 2 and 3, 1-General Cognitive Index (GCI), 2-Motor scale, 3-Memorization scales (Vreugdenhil et al., 
2002); According to: , 1 Jacobson et al. (1984), 2 Jacobson (1989), 3 Jacobson et al. (1985), 4Jacobson et al. (1990), 5 Jacobson and Jacobson (2001), 6 Jacobson et 
al. (1992), 7 Jacobson and Jacobson (2003), 8 Jacobson and Jacobson (1996), 9 Jacobson and Jacobson (2002a), 10Steuerwald et al. (2000), 11 Coccini et al. (2009), 
12 Winneke et al. (1998), 13 Walkowiack et al. (2001), 14 Winneke et al. (2005), 15 Koopman-Esseboom et al. (1996), 16 Patandin et al. (1999), 17 Vreugdenhil et al. 
(2004a), 18 Vreugdenhil et al. (2004b), 19 Stewart et al. (2000), 20 Darvill et al. (2000), 21 Stewart et al. (2003b), 22 Stewart et al. (2003a), 23 Stewart et al. (2008), 24 
Stewart et al. (2012), 25 Stewart et al. (2005), 26 Stewart et al. (2006), 27 Huisman et al. (1995a), 28 Huisman et al. (1995b), 29 Lanting et al. (1998), 30 Vreugdenhil 
et al. (2002), 31 Rogan et al. (1986a), 32 Gladen et al. (1988), 33 Rogan and Gladen (1991), 34 Gladen and Rogan (1991), 35 Daniels et al. (2003), 36 Gray et al. 







Results of the overall assessment of temporal consistency of the association between prenatal PCB exposure 
and development of children of the different cohorts based on the standardized approach 
Cohorts 
Standardized PCB concentrations in maternal plasma  
(µg PCBMPEQ/kg lipids) Consistency of the 
observed effect in follow-
up of children cohorts 5th percentile Mean/Median 95th percentile 
Michigan 1 1346 a 1600 † 1698 a ↓ 
Faroe Islands 2 846 b 1528 § 2551 c – 




145 a 543† 618 a ∆ 
Oswego 5 162 b 495 § 1057 c ∆ 
Netherlands  
(Overall cohort) 6 
247 493 § 937 ∆ 
North Carolina 7 282 484 § 997 – d 
CPP 8 321 482 § 1116 – 
New Bedford 9 67 254 § 908 ↓ 
Note: Cohorts are presented  in descending order of median or mean prenatal PCB exposure expressed in µg 
PCBMPEQ/kg lipids; PCBMPEQ, standardized PCB levels expressed as maternal plasma equivalent; †, mean; §, 
median; –, no significant effect on development was observed; ∆, reported results did not show temporal consitency. 
a The 95% CI was estimated using mean ± 2 SE (standard error).  
b Corresponds to 25th percentile.  
c Corresponds to 75th percentile.  
d As deficit seen in these cohorts was transient (Gladen and Rogan, 1991; Winneke et al., 2005).   
According to: 1 Fein et al. (1984); 2 Steuerwald et al. (2000); 3 Winneke et al. (1998); 4 Koopman-Esseboom et al. 






Summary results of the relationship between prenatal PCB levels (reported and standardized) and mental or motor development in cohorts showing temporal 
consistency in the association during follow-up and retained for the systematic assessment of the “standardized concentration-response” gradient 
Cohorts Reported PCB concentrations in the original matrix 
Standardized PCBMPEQ 
concentrations in maternal 
plasma (µg/kg lipids) 
Statistical analysis of the effects observed on child development  




Umbilical cord serum  
Total PCBs (µg/L)  
Reference Group: < 3.0 (n = 166) 




Reference: < 1920 a, b, c 




7 months–FTII 1 
Multiple regression analysis  
β = –0.35; p < 0.005; n = 81 
% scored in the lower tail of 
distribution–Χ2 test  
Reference: 7.7% ;  
Exposed: 27.6%;  




Umbilical cord serum  
Total PCBs (µg/L)  
1st category: < 1.5 (n = 48) 
2nd category: 1.5–2.9 (n = 43) 
3rd category: 3–4.9 (n = 32) 
4th category: ≥ 5.0 (n = 10) 
 
 
1st category: < 960 a, b, c 
2nd category: 960–1857 a, b, c  
3rd category: 1920–3138 a, b, c  










Analysis of covariance 
The two highest exposed groups 
were twice as likely to make  ≥ 12 
errors than the lowest exposed 
children; p < 0.01; n = 132 
4 years –MCSC–Memory scale 3 
Multiple regression analysis  
↓ 6.6 points in the 4th compared to 
the 1st category; p < 0.05; n = 133 
 
Umbilical cord serum 
Total PCBs (µg/L) 
Mean (SD) = 2.7 (2.1) (n = 117)   
 
 
Mean ± SD = 1729 ± 1345 a, b, c 
  4 years–SMP  and CPT– Error of 
commission 4 
Multiple regression analysis  
Scores ↓; p < 0.05; n = 152–154 
 
Composite (as maternal milk)  
Total PCBs (µg/kg lipids)  
1st category: < 500 (n = 21) 
2nd category: 500–740 (n = 45) 
3rd category: 750–990 (n = 46) 
4th category: 1000–1240 (n = 36) 
5th category: ≥ 1250 (n = 30) 
 
 
1st category: < 412 b, c 
2nd category:412–610 b, c  
3rd category: 619–817 b, c 
4th category: 825–1023 b, c 
5th category: ≥ 1031 b, c 
   11 years–WISC–Attention, IQ, 
Verbal comprehension 5, 6, 7 
Incidence of poor performance 
in the 5th category (exposed 
group) vs. 1–4th categories 
(reference)  
RR > 3; p < 0.001; n = 178 
Composite (as maternal milk) 
Total PCBs (µg/kg lipids)   
Mean (SD): 943.1 (1239.2) 
(n = 167) 
 
 











Multiple regression analysis  
scores: ↓; p < 0.05; n = 146 
11 years–SMP 4 
Multiple regression analysis  
scores: ↓; p < 0.05; n = 146 
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Cohorts Reported PCB concentrations in the original matrix 
Standardized PCBMPEQ 
concentrations in maternal 
plasma (µg/kg lipids) 
Statistical analysis of the effects observed on child development  








Maternal serum  
∑(PCB138, 153, 180) x 2 
(µg/kg lipids) 
Geometric mean: 1120 (n = 173) 
25th – 75th: 620 – 1870 







Geometric mean: 1528 d 
25th – 75th: 846 – 2551 d 




2 weeks–« Prechtl neurological 
exam » 8 
Multiple regression analysis  
 
–; p > 0.05; n = 173 
   
7 years – CPT, CVLT, FT, S-
B, BNT, SAP, SCR, WISC 9 
Multiple regression analysis  
 





Umbilical cord blood 
ΣPCB 138, 153, 180 
(µg/kg lipids) 
Mean : 218 (n = 69) 





Mean: 970 c, d 





7 months – FTII, BSID 10 
Multiple regression analysis  
 
PDI: –; p > 0.05; n = 169 
MDI: –; p = 0.43; n = 169 






Breast milk two weeks after birth 
ΣPCB 138, 153, 180 
(µg/kg lipids) 
Mean: 426.5 (n = 131) 






Mean: 873 c, d 
95% CI: 342–1533 c, d 
  
7 months – FTII, BSID 10 
Multiple regression analysis  
PDI: –; p = 0.13; n = 131 
MDI: ↓; p = 0.048; n = 131 
BSID: –; p = 0.43; n = 131 
 
7 to 30 months – BSID 11 
Multiple regression analysis  
PDI  
7 months: –; p = 0.10; n = 110 
18 months: ↓; p = 0.06; n = 112 
30 months: ↓; p = 0.035; n = 104 
7–30 months: ↓; p = 0.025;n = 104 
 
MDI  
7 months: –; p = 0.12; n = 110 
18 months: ↓; p = 0.045; n = 112 
30 months: ↓; p = 0.05; n = 104 
7–30 months: ↓; p = 0.015;n = 104 
 
42 months–K-ABC 11, 12 
Multiple regression analysis    







72 months– K-ABC 12   
Multiple regression analysis   




Cohorts Reported PCB concentrations in the original matrix 
Standardized PCBMPEQ 
concentrations in maternal 
plasma (µg/kg lipids) 
Statistical analysis of the effects observed on child development  





Breast milk at birth  
Total PCBs  
µg/kg lipids 
 
Median: 1700 (n = 866) 
0–990 (59)  
1000 – 1490 (n = 241) 
1500 – 1990 (n = 276) 
2000 – 2490 (n = 151) 
2500 – 2990 (n = 66) 
3000 – 3490 (n = 34) 
3500 – 3990 (n = 20) 






Median: 484 b, c 
0 – 282 b, c 
285 – 425 b, c 
427 – 567 b, c  
570 – 710 b, c 
71 – 852 b, c 
855 – 995 b, c 
997 – 1137 b, c  
≥ 1140 b, c  
 
At ≤ 3 weeks–NBAS 13 
Multiple regression analysis   
Children exposed to ≥ 3500 µg/kg 
lipids of maternal milk (i.e., 997 µg 
PCBMPEQ/kg lipids) showed affected 
activity, reflex and tonicity  scores; 
p < 0.05; n = 866 
 
 
At 6 to 24 months 14, 15 
Multiple regression analysis   
PDI  
6 months: ↓; p = 0.037; n = 787 
12 months: ↓; p = 0.028; n = 720 
18 months: –; n = 676  
24 months: ↓; p < 0.05; n = 676 
 
MDI  
6 months: –; p = 0.78; n = 787  
12 months: –; p = 0.32; n = 720 
18 months: –; p > 0.05; n = 670  
24 months: –; p > 0.05; n = 670  
 
At 3, 4 and 5 years–MCSC 16 
Analysis of covariance   









ΣPCBs (28, 52, 74, 105, 118, 138, 
153, 170, 180, 194, 203) 
µ/L 
 
Median: 2.8 (n = 1065) 
1st category: 0 – 1.24 (n = 117) 
2nd category: 1.25 – 2.49 (n = 426) 
3rd category: 2.50 – 3.74 (n = 378)  
4th category: 3.75 – 4.99 (n = 145)  








Median: 500 a, d 
1st category:  0 – 221 a, d 
2nd category: 223 – 444 a, d 
3rd category: 446 – 668 a, d 
4th category: 669 – 891 a, d 






8 months – BSID 17 
Generalized linear model and 
multiple regression analysis  
PDI: –; p = 0.31; 95% CI: NS 
n  = 1026 
MDI: –; p = 0.34; 95% CI: NS 





7 years – WISC and WRAT 18 
Multiple regression analysis and 
comparison of the most exposed 
group to the 1st ( mean, SE) 
WISC: p > 0.05; n = 894 





Umbilical cord serum 
µg/L 
 
Σ (BPC 118, 138, 153, 180) 
Median: 0.19 (n = 542) 
Mean  ±  SD: 0.25  ± 0.28 
Range : 0.01 – 4.41 
 
 
Σ (BPC 118, 138, 153, 180) 
Median : 0.19 (n = 573) 






Median: 254 a, c, d 
Mean ± SD: 334 ± 377 a, c, d 




Median : 254 a, c, d 
5th – 95th : 67 – 908 a, c, d 
 
 
At birth and 2 weeks–NBAS 19 
Q4 versus Q1 (PCB level = na) e  
Quality of alert responsiveness: ↓ 
–0.51 (95% CI: –0.099 to –0.03) 
   
At 8 years–CRS-T 20  
Multiple regression analysis – 
Adjusted change in scores from 
the 5th to the 95th percentile of 
exposure  
β: 2.44; p or 95% CI= na f 
(n = 487) 
 
At 8 years–ADHD 20  
RR  for Q4 (400 to 3604 µg 
PCBMPEQ/kg lipids a, c, d) vs Q1 
(PCB level = na) 
RR = 1.76 (95% CI = 1.06 to 




Note: The cohorts are presented in descending order of median or mean prenatal PCB exposure expressed in µg PCBMPEQ/kg lipids; PCBMPEQ, standardized PCB levels expressed as maternal plasma 
equivalent; §, presented results are those showing a signification association between prenatal PCB exposure and developmental effect; –, lack of significant association; ↓, statistically significant 
decrease in scores, which means an impaired development; na, not available; NS, not statistically significant; Q1, 1st quartile; Q4, 4th quartile; RR, Risk Ratio; SE, standard error; full name of tests are 
presented in Table 2; According to: 1 Jacobson et al. (1985), 2 Jacobson et al. (1992), 3 Jacobson et al. (1990), 4 Jacobson and Jacobson (2003), 5 Jacobson and Jacobson (1996), 6 Jacobson and Jacobson 
(2001), 7 Jacobson and Jacobson (2002a),  8 Steuerwald et al. (2000), 9 Coccini et al. (2009), 10 Winneke et al. (1998), 11 Walkowiak et al. (2001), 12 Winneke et al. (2005), 13  Rogan et al. (1986a), 
14 Gladen et al. (1988), 15 Rogan and Gladen (1991), 16 Gladen and Rogan (1991), 17 Daniels et al. (2003), 18 Gray et al. (2005), 19 Sagiv et al. (2008), 20 Sagiv et al. (2010). 
a  Volume-weighted concentration converted into lipid-adjusted concentration;  
b Converted in terms of concentrations estimated by high resolution capillary column gas-chromatography (Longnecker et al., 2003);  
c Converted in terms of concentration in maternal plasma;  
d Converted in terms of total PCB concentrations;  
e p-Value for trend was statistically significant only for one third of the studied associations (Sagiv et al., 2008);  





Summary of results of the systematic application of standard methodological criteria to assess the strength of the association between prenatal PCB 
exposure and developmental effects between birth and school age in the retained cohorts a 
Cohorts 
















Michigan § –  0 – ± – + – b + – 
Faroe Islands § – – – + + + + + – 
Düsseldorf †  – 0 – + + + – c + – 
North Carolina † – 0 + + + + + + – 
CPP † + + + + + + + + + 
New Bedford ‡ – 0 ± d  + + + + + –  
Note: Adapted from Swanson et al. (1995). The cohorts are presented in descending order of median or mean prenatal PCB exposure expressed in µg PCBMPEQ/kg lipids; Response 
rate: % of eligible subjects that were included in original cohort; Tracing subjects: % of subjects from the original cohort that can be traced during follow-up; § = PCB exposure 
from fish consumption; † = PCB exposure from ingested food other than contaminated fish; ‡ = PCB exposure from contaminated area; 0, not reported; a According to studies on 
the respective cohorts reported in Table 5; b As potential explanatory variables for the observed effects (e.g., exposure to other environmental contaminants) were not controlled 
consistently during follow-up of children; c As correlated environmental contaminants to PCBs (such as PCDDs, PCDFs, DDE or MeHg) were not considered as confounders; d 
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4.1  ABSTRACT 
The impact polychlorinated biphenyl (PCB) exposure on thyroid status in pregnant women and 
newborns was investigated in various epidemiological studies, but findings show inconsistencies, 
and differences in biological indicators of exposure between studies limits comparison of results. 
The aim of this research was to use a procedure previously developed to standardize PCB 
biological concentration data between published studies to perform a systematic analysis of 
associations between PCB exposure and thyroid hormones (TH) (total and free T3 and T4) or 
thyroid stimulating hormone (TSH) in pregnant women and newborns. Biological concentrations 
from seventeen studies were expressed in total PCB equivalent per kg of lipids in maternal 
plasma (µg PCBMPEQ/kg lipids). Systematic analysis of the “standardized biological 
concentration–thyroid parameters” relationship was conducted through the application of 
methodological criteria in both pregnant women and newborns. Standardization of PCB levels 
and application of methodological criteria led to assign higher confidence to nine of the reviewed 
studies. Among the retained studies in pregnant women, only one reported a significant 
association between PCBs and total T3 levels, but no association were observed when circulating 
TSH and free T4 levels were used to assess thyroid function. Regarding the association between 
prenatal PCB exposure and thyroid status in newborns, a lack of significant association was 
consistently obtained in the retained studies assigned an overall high confidence. The weight of 
evidence of a significant impact of PCB exposure on TSH and TH levels at the described 
biological levels in pregnant women and newborns (mean <1000 µg PCBMPEQ/kg lipids) appears 




Keywords: Polychlorinated biphenyls, prenatal exposure, exposure standardization, pregnancy, 




4.2  Introduction 
Polychlorinated biphenyls (PCBs) are synthetic persistent organic pollutants (POPs), 
ubiquitously present in ecosystems, that bioaccumulate in the food chain. Given their low 
inflammability, chemical stability and miscibility, they have been widely used by industries 
between the 1930s and late 1970s, for applications such as coolants and lubricants in 
transformers, capacitors, hydrolic fluids, flame retardants, adhesives, etc. (ATSDR, 2000; 
Erickson, 2001). Following two accidental poisonings related to food contamination by PCBs 
(i.e., in Japan in 1968 (Yusho) and Taiwan in 1979 (Yucheng)), their production and use have 
been banished in most industrialized countries. However, they are currently still detected in 
animal and human body (adipose tissues, blood lipids and maternal milk); this is due to their 
slow biotransformation and very lipophilic properties leading to their bioaccumulation in lipid 
components (Carrier, 1991; Carrier et al., 2006; Chevrier et al., 2008; Erickson, 2001; Grandjean 
et al., 2008; James, 2001).  
 
Several epidemiological studies have reported a significant association between PCB exposure 
and poorer cognitive or motor development in children (Gladen et al., 1988; Jacobson and 
Jacobson, 1996, 2003; Koopman-Esseboom et al., 1996; Sagiv et al., 2008, 2010; Vreugdenhil et 
al., 2004; Walkowiak et al., 2001). Given that thyroid hormones are necessary for normal 
physical and mental development (Gauger et al., 2008; Porterfield, 2000; Zoeller, 2007), a 
number of studies in the last two decades have been devoted to the analysis of the impact of PCB 
exposure on thyroid parameters in pregnant women and children (Dallaire et al., 2009; Fiolet et 
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al., 1997; Herbstman et al., 2008; Koopman-Esseboom et al., 1994; Longnecker et al., 2000; 
Maervoet et al., 2007; Nagayama et al., 2007; Takser et al., 2005). Congenital hypothyroidism is 
known to produce language, cognitive and motor deficits and it was proposed that PCBs may 
alter thyroid-regulated brain development inducing various responses on cognitive or motor 
performances (Gauger et al., 2008; Porterfield, 2000; Zoeller, 2007). Some studies reported an 
association between biological PCB concentrations and abnormal variations of thyroid hormones 
in newborns and children (thyroxine (T4) and triiodothyronine (T3), and  thyroid-stimulating 
hormone (TSH)) (Koopman-Esseboom et al., 1994; Maervoet et al., 2007; Nagayama et al., 
2007; Sandau et al., 2002; Takser et al., 2005). Others failed to observe any significant 
association (Dallaire et al., 2008, 2009; Darnerud et al., 2010; Longnecker et al., 2000; 
Steuerwald et al., 2000). Therefore, the hypothesis that PCB exposure injures brain development 
by causing a state of relative deficiency of thyroid hormones is still not evidenced (Gauger et al., 
2008; Porterfield, 2000; Zoeller, 2007).  
 
In order to better assess a potential causal association between PCB exposure and circulating T3, 
T4 and TSH levels in adults, Salay and Garabrant (2009) conducted a systematic analysis of 
available studies, but without standardizing exposure. These authors stressed the need to 
standardize PCB congeners in future studies, to facilitate between study comparison. As 
discussed in El Majidi et al. (2012), four reviews have proposed approaches of standardization of 
PCB exposure in an attempt to establish “biological concentration–response” relationships 
related to PCB exposure (Hagmar, 2003; Longnecker, 2001; Longnecker et al., 2003; Toft et al., 
2004). Two reviews focussed on thyroid effects of these compounds (Hagmar, 2003; 
Longnecker, 2001), but the exposure standardization approach was not applicable to all 
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published data . In the study of El Majidi et al. (2012), a systematic analysis of 20 published 
epidemiological studies was performed on the concentration–response relationship between PCB 
exposure and birth weight, based on a more generally applicable standardization of PCB 
biological data across studies and application of causality criteria.  
 
The overall objective of this research was to perform a similar systematic analysis of published 
epidemiological data to reassess the relationship between prenatal PCB exposure and thyroid 
hormones and TSH levels in pregnant women and in newborns, using toxicokinetic 






4.3  Methodology 
Similar to our previous work on birth weight effects of PCBs (El Majidi et al., 2012), the steps 
followed for the systematic analysis were: i) the identification of relevant epidemiological 
studies investigating the effects of prenatal PCB on thyroid function; ii) standardization of the 
various biological indicators of prenatal PCB exposure measured in the various cohorts based on 
the establishment of a method described in a previous paper; iii) the verification of a possible 
causal relationship between PCB biological levels and thyroid function based on criteria 
recognized in epidemiology for this purpose; iv) the establishment of the “standardized 
biological concentration – response” relationship for the observed effect; v) if possible, the 
determination of a standardized biological concentration of PCBs below which the risk of 
impaired thyroid function would be negligible. 
4.3.1  Identification of epidemiological studies published on the subject  
A complete bibliographical review was conducted on studies published until 2012 on effects of 
PCB exposure on thyroid function in pregnant women and newborns. Our search strategy was 
limited to English and French articles, and databases such as Medline, PubMed, Toxline, Poltox 
and Current Contents were consulted. The published studies were included in this research if: i) 
they have been published in peer review journals; ii) they have analyzed the relationship between 
PCB concentrations (e.g., total PCBs, specific congeners or groups of congeners) in any 
biological matrix and blood concentrations of triiodothyronine (T3) and thyroxine (T4) (total or 
free concentration) or thyroid stimulating hormone (TSH) in pregnant women or newborns. As in 
El Majidi et al. (2012), published studies were excluded if: i) they have focused on Yusho 
(Japan) or Yucheng (Taiwan) cohorts, as the toxic effects seen in these populations have been 
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mainly attributed to polychlorinated dibenzofurans (Buser and Rappe, 1979); ii) exposure 
conditions did not correspond to those of the general population or populations whose main 
source of PCB exposure is consumption of contaminated animal foods such as beef, pork, 
poultry, and fish (Ryan et al., 2013). 
4.3.2  Standardization of bioindicators of PCB body burden across studies 
To allow comparison of exposure metrics between studies or cohorts, biological PCB 
concentrations reported in the various studies were converted to total PCB equivalent in maternal 
plasma per kilogram of lipids and the term “PCBMPEQ” was used to refer to standardized 
concentrations (µg PCBMPEQ/kg lipids). The full description of the method employed is presented 
in El Majidi et al.(2012). Briefly, to convert given PCB congener concentrations to total PCB 
values in a reviewed study, we used as a reference the breast milk data of Newsome et al. (1995) 
on mean concentration ratios of given PCB congeners to total of the 40 measured PCB 
congeners. For example, when concentration of congeners 118, 138, 153 and 180 was reported, a 
multiplier of 2.3 was applied as proportion of these four congeners accounted for 43.5% of total 
PCB concentration in the study of Newsome et al. (1995). Wet-weight concentrations in plasma 
were converted to lipid-adjusted concentrations using conversion factors presented in Table 1. 
Lipid-adjusted concentrations in breast milk or umbilical cord plasma were converted to 
maternal plasma equivalents using a mean conversion factor of 0.75 and 1.63, respectively, on 
the basis of published epidemiological data (Butler Walker et al., 2003; Dallaire et al., 2002, 
2003; Hamel et al., 2003; Longnecker et al., 2003; Muckle et al., 2001). In the case of a cohort 
where the distribution of PCB exposure has not been provided, the arithmetic mean ± 
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(2 × standard error) was used as a proxy for the corresponding 95% confidence interval (95% 
CI). 
4.3.3  Systematic analysis of indexed epidemiological studies 
To facilitate the systematic analysis of all reviewed studies and comparison of data across 
studies, summary tables were prepared with main statistical results of associations between 
biological PCB levels and thyroid parameters for each study. These tables present PCB 
biological concentration data in the same units and matrix as those reported in the published 
articles as well as the corresponding standardized PCB concentrations in terms of µg 
PCBMPEQ/kg lipids. The studied effects in this work were the possible abnormal variations of  
commonly used parameters to evaluate thyroid status in pregnant women and newborns, i.e. 
blood concentrations of TSH and T3 and T4 levels (total (TT3 and TT4) and/or free (FT3 and 
FT4) concentrations). Hill’s criteria were then applied to all retained studies on the basis of 
standardized biological concentrations. Hill criteria assessed were: 1) temporal relationship, 2) 
biological plausibility, 3) consistency of the association, 4) dose–response relationship, 5) 
strength of the association, 6) specificity of an association between the agent and a health effect.  
 
 Analysis of the “strength of the association” criterion between the reviewed studies in pregnant 
women and newborns was performed by taking into account the following methodological sub-
criteria: i) cohort definition; ii) exposure assessment; iii) assessment of effect; iv) control of 
confounding variables; v) statistical analysis and vi) precision (Table 2). Regarding the 
“assessment of effect” sub-criterion, two parameters were systematically verified in our analysis: 
i) measured thyroid parameters, and ii) sensitivity of the technique used to measure TSH (Salay 
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and Garabrant, 2009). As in Salay and Garabrant (2009), higher confidence was given to “effect 
assessment” sub-criterion if both TSH and FT4 measurements were performed (+ sign). A + sign 
was also assigned to studies that evaluated thyroid dysfunction only with TSH, as the American 
Thyroid Association considers TSH test as a first strategy to diagnose thyroid dysfunction 
(Ladenson et al., 2000; Salay and Garabrant, 2009; Stagnaro-Green et al., 2011). Less confidence 
(± sign) was given to this criterion if thyroid hormone concentrations (T4 or T3 (total or free) 
concentrations) were the only parameters measured to evaluate thyroid function. Concerning the 
sensitivity of the technique used to estimate TSH, higher confidence was given to TSH 
measurements if assay sensitivity was equal or less than 0.002 mIU/L (Salay and Garabrant, 
2009). In studies lacking such sensitive assay, more confidence was given if serum FT4 and TT3 
or FT3 levels were measured in addition to serum TSH concentration. Low confidence was 
further assigned to studies where radioimmunoassay was used to measure TSH or if the assay 
was not specified (Ladenson et al., 2000; Salay and Garabrant, 2009) (Table 2).  
 
In our analysis of “confounding variables” sub-criteria, it was verified if mother and newborn 
characteristics known to influence TH and TSH status were controlled in the reviewed studies, 
that is maternal age, gestational age, maternal pre-pregnancy body mass index, maternal smoking 
and drinking during pregnancy, and co-exposure to other environmental contaminants. 
Confounding by birth weight was also examined for studies on newborns (Dallaire et al., 2009; 
Salay and Garabrant, 2009; Soldin et al., 2004). Finally, as iodine deficiency is the most frequent 
cause of maternal hypothyroxinaemia and a potentially preventable cause of mental retardation 
in children (Hartoft-Nielsen et al., 2011), control of this confounding variable was analyzed 
separately. Therefore, confounding variables were classified as follows: maternal characteristics, 
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newborn characteristics, exposure to other environmental contaminants and iodine intake. 
Associations between PCB exposure and thyroid parameters were considered statistically 
significant at p < 0.05.  
 
The systematic analysis of the association between PCB exposure and thyroid parameters was 
studied first in pregnant women, by applying “consistency of the association” and “standardized 
concentration–response gradient” criteria. Subsequently, this analysis was performed between 
prenatal PCB exposure and thyroid parameters in newborns, according to the matrix used to 
measure thyroid parameters (i.e., umbilical cord blood or newborn blood collected during 
perinatal period). However, the “strength of the association” and its sub-criteria were applied to 
the overall available data, given that several reviewed researches have investigated associations 
in more than one of those groups. Finally, it was verified if a biological reference value could be 
proposed (highest biological concentration of total PCB equivalent associated with a lack of 
significant impairment of thyroid function in pregnant women and newborns). 
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4.4  Results and discussion 
4.4.1  Reviewed epidemiological studies 
Seventeen epidemiological studies that focused on the relationship between PCB exposure and 
thyroid parameters in pregnant women or newborns were identified. In seven studies, 
relationship between PCB body burden and circulating thyroid parameters were analyzed in 
pregnant women, and fifteen studies have attempted to relate prenatal PCB exposure to thyroid 
parameters either in the umbilical cord blood or newborn blood (nine and eight studies, 
respectively). General characteristics of these studies are given in Tables 3-5. These studies were 
conducted primarily in the last decade in Canada (4 studies), United States (4 studies), Europe (8 
studies) and Asia (1 study). Biological specimens were collected between 1978 and 2005. 
4.4.2  Standardization of bioindicators of PCB body burden across studies 
Tables 3-5 present biological PCB concentrations in the different studied populations expressed 
in the reported units along with our standardized values in terms of µg PCBMPEQ/kg lipids. 
Measurements of PCBs in maternal and umbilical cord blood or plasma, and in samples of breast 
milk taken up to two weeks after birth were used as surrogates for prenatal PCB exposure. In the 
Japanese cohort, PCB concentrations in maternal milk were collected within four weeks after 
childbirth (Nagayama et al., 2007), and this may not be fully representative of in utero exposure. 
Concerning the study of Koopman-Esseboom et al. (1994) in the Dutch cohort, PCB levels were 
expressed in terms of toxic equivalents (TEF), and based on Longnecker et al. (2000), median 




Furthermore, in the particular case of Nagayama et al. (2007), PCB concentrations were 
expressed in nanogram per gram (ng/g) of milk (whole weight) and lipid concentrations in this 
matrix was not provided in the manuscript. To allow comparison of PCB levels with the other 
available studies, the authors kindly sent us lipid adjusted concentrations (i.e., neonates with 
cretinism: 92 ± 42 µg/kg lipids of maternal milk; normal group: 113 ± 82 µg/kg lipids of 
maternal milk) (Table 5). With this adjustment for lipid contents, difference in lipid-adjusted 
PCB concentrations between the group of children diagnosed with cretinism and that of normal 
children was not statistically significant, contrary to the reported unadjusted concentrations 
(Table 5). Based on lipid-adjusted values, it appears that PCB body burden cannot be considered 
significantly different between the cretinism and normal groups.  
4.4.3  Systematic analysis of the relationship between PCB body burden and thyroid 
parameters   
When applying Hill’s criteria, temporal sequence and biological plausibility used to assess a 
potential causal relationship between PCB exposure and thyroid parameters can be easily 
evaluated. Temporal sequence between PCB exposure and associated effects was considered 
systematically followed given that exposure to these persistent compounds occurs prenatally and 
continues early in life. The presence of PCBs in umbilical cord blood samples reveals that the 
foetus is exposed throughout prenatal period. Postnatally, exposure is maintained as PCBs are 
transferred from the mother to the nursing infant through breast milk and food since childhood.  
 
Biological plausibility of impaired thyroid function induced by PCBs is also supported by 
available data on hormone-disrupting effects of these compounds during pregnancy, foetal and 
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neonatal period (ATSDR, 2000; Brouwer et al., 1999; Brouwer et al., 1998; Parent et al., 2011). 
In in vivo studies in animals, decreased thyroid hormone levels, especially thyroxine (T4), were 
observed in offsprings prenatally exposed to PCBs or their hydroxylated metabolites (Gauger et 
al., 2004; Martin and Klaassen, 2010). PCBs were also shown to interfere with TH signaling in 
the developing rat brain (Gauger et al., 2004; Gauger et al., 2008; Meerts et al., 2002; Meerts et 
al., 2004). In vitro studies further showed that hydroxylated PCBs interfere with binding of T4 to 
transthyretin (Cheek et al., 1999; Gutleb et al., 2010). It is therefore biologically plausible that, 
under certain exposure conditions, PCBs can disturb thyroid homeostasis in pregnant women and 
newborns. 
4.4.3.1  Systematic analysis of the relationship between PCB body burden and 
thyroid parameters in pregnant women 
A.  Consistency of the association  
Consistency of the association between PCB body burden and abnormal variations of thyroid 
parameter levels in pregnant women summarized in Table 6 was established on the basis of the 
statistical analysis results reported in the seven available studies, considering the distributions of 
standardized biological PCB concentrations (µg PCBMPEQ/kg lipids). A consistent lack of 
significant association between PCB body burden and circulating TSH levels among pregnant 
women was observed, with the exception of Takser et al. (2005) results on the relation between 
PCB 180 concentrations and TSH levels (Table 6). When examining the relationship between 
PCBs and circulating TH levels in pregnant women (on the basis of measured TT3, TT4 and FT4 
levels), a lack of significant association was consistently reported with FT4. Concerning TT3 and 
TT4 levels, Koopman-Esseboom et al. (1994) observed a significant negative correlation 
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between biological PCB concentrations and these two hormone levels among pregnant women, 
and Takser et al. (2005) reported a negative association with TT3 (Tables 3 and 6). Conversely, 
Dallaire et al. (2009) and Steuerwald et al. (2000) did not observe any significant association 
between PCB and respectively TT3 and TT4 concentrations, although PCB biological levels 
were higher than in the afore mentioned studies (Table 6). Darnerud et al. (2010), Lopez-
Espinosa et al. (2009) and Chevrier et al. (2008) also failed to observe any association between 
PCB concentrations and measured TH levels, as assessed by TT3/TT4 and FT4 levels. 
Inconsistencies were also observed when comparing TT4 results of Koopman-Esseboom et al. 
(1994) with those reported in two other reviewed studies (Chevrier et al., 2008; Steuerwald et al., 
2000) (Table 6). It is to be noted that the association between PCB exposure and FT3 levels was 
studied only by Steuerwald et al. (2000). 
 
Overall, the analysis of data from the seven reviewed studies showed that with the exception of 
FT4, inconsistencies on the reported relationship between PCB body burden and thyroid 
parameters in pregnant women. Given that PCB exposure has been standardized between all 
studies, the observed discrepancies cannot be explained by a difference in biological PCB levels. 
 
B.  “Concentration–response” gradient 
The “concentration – response” gradient in pregnant women was analyzed on the basis of results 
of studies summarized in Tables 3 and 6. It is to be noted that PCB exposure as well as TH and 
TSH concentrations were generally considered as continuous variables. Lopez-Espinosa et al. 
(2009) were the only authors who treated TSH both as a continuous variable or a clinical 
outcome, with a conservative cutoff point for the first trimester of pregnancy of TSH > 2.5 
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mIU/L) (Table 3). A lack of association was obtained between PCB and TSH levels in six of the 
seven reviewed studies, where average PCB concentrations ranged from 85 to 1528 µg 
PCBMPEQ/kg lipids (Chevrier et al., 2008; Dallaire et al., 2009; Darnerud et al., 2010; Koopman-
Esseboom et al., 1994; Lopez-Espinosa et al., 2009; Steuerwald et al., 2000), while Takser et al. 
(2005) reported a negative relation between PCB 180 concentrations and TSH levels. However, 
no relationship was observed by the latter authors between TSH levels and concentrations of 
PCB 153, PCB 138 or the sum of 14 measured PCB congeners that included PCB 138, 153 and 
180 (Takser et al., 2005).  
 
Regarding TH levels, a negative association was reported between PCB exposure and TT3 in 
two of the seven reviewed studies (Koopman-Esseboom et al., 1994; Takser et al., 2005). 
Nevertheless, no “concentration–response” gradient could be observed when combining results 
of all studies; median PCB body burden was 53 and 394 µg PCBMPEQ/kg lipids respectively in 
the studies of Takser et al. (2005) and Koopman-Esseboom et al. (1994), but exposure intervals 
overlapped those of other studied cohorts (Tables 3 and 6). Similarly, a "concentration–response" 
gradient for the association between PCB body burden and circulating TT4 in pregnant women 
was not evidenced since a negative correlation was reported in the study of Koopman-Esseboom 
et al. (1994) only, although a higher PCB exposure was not related to such effect in the study of 
Steuerwald et al. (2000) (Table 6).  
 
Combining all results on the association between body burden PCB exposure and thyroid 
parameters in pregnant women did not allow establishing a clearly defined “concentration–
response” gradient. The studies of Takser et al. (2005) and Koopman-Esseboon, et al. (1994) 
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were the only ones that have reported a significant negative association between PCB levels and 
some thyroid parameters (Table 6). 
4.4.3.2  Systematic analysis of the relationship between prenatal PCB exposure 
and thyroid parameters in newborns 
A.  Thyroid parameters in umbilical cord blood 
     1.  Consistency of the association 
Consistency of associations between prenatal PCB exposure levels and umbilical cord thyroid 
parameters was established on the basis of the various study results summarized in Tables 4 and 
6. Concerning the association between PCB and umbilical cord TSH levels, inconsistencies were 
observed between the reviewed studies (Table 7). While Koopman-Esseboom et al. (1994) and 
Sandau et al. (2002) reported a significant association between an increase in maternal PCB 
concentrations and variations in umbilical TSH levels, others failed to observe any significant 
association (Dallaire et al., 2008, 2009; Herbstman et al., 2008; Longnecker et al., 2000; 
Maervoet et al., 2007; Steuerwald et al., 2000; Takser et al., 2005) (Table 7). A significant 
negative correlation (p = 0.04) between prenatal PCB concentrations and umbilical cord TSH 
levels was reported in the study of Sandau et al. (2002) (r = –0.46; p = 0.04), whereas a 
significant positive correlation was found between prenatal PCB exposure (according to TEQ 
levels of PCBs 137, 138 and 153 in maternal milk) and umbilical cord TSH levels (r = 0.31; 
p < 0.01) in the study of Koopman-Esseboom et al. (1994) (Tables 4 and 7). However, in the 
latter study, no exposure–effect relationship was found when PCB exposure was estimated using 




Analysis of data summarized in Tables 4 and 7 further revealed some inconsistencies in results 
obtained between reviewed studies on the relationship between prenatal PCB exposure and FT3 
and FT4 levels in umbilical cord (Maervoet et al. (2007) versus the other authors); with the 
exception of Maervoet et al. (2007), a lack of association was obtained between PCB and 
TT3/TT4 levels in umbilical cord blood. Given the estimated standardized biological levels, the 
observed discrepancies cannot be attributed to differences in prenatal PCB exposure levels.  
 
     2.  “Concentration–response” gradient 
The “concentration–response” gradient in newborns was studied by considering total PCB 
equivalent levels (expressed in plasma lipids) and thyroid parameters in umbilical cord blood in 
the different studies summarized in Table 4. It is to be noted that PCB exposure as well as TH 
and TSH concentrations were generally considered as continuous variables in most published 
studies. Longnecker et al. (2000) were the only authors to group PCB concentrations in tertiles, 
and Herbstman et al. (2008) were the only ones to stratify TSH, FT4 and TT4 levels in quintiles 
and to treat these outcomes as dichotomous variables (Table 4).  
 
Concerning TSH, combining all research results did not allow establishing a clear 
“concentration–response” gradient (Table 7). Of the nine reviewed studies, significant 
associations between prenatal PCB exposure and umbilical cord TSH levels were reported in two 
studies but in opposite directions (Koopman-Esseboom et al., 1994; Sandau et al., 2002) (Tables 
4 and 7). Moreover, these results are in contrast with those of the other studies, which failed to 
observe any significant link between prenatal PCB exposure and TSH concentrations, although 




Regarding TT3 and TT4, as mentioned previousely, a lack of association was consistently noted 
between prenatal PCB exposure and these hormone levels in umbilical cord blood. Based on this 
investigation, there is a low probability of TT3 and TT4 disruption in umbilical cord blood 
occurring at total PCB concentrations of less than 2552 µg PCBMPEQ/kg lipids. On the other 
hand, a significant decrease in FT3 and FT4 levels in umbilical cord was related to prenatal PCB 
exposure in the study of Maervoet et al. (2007), while no such association was obtained in other 
studies where PCB concentrations were much higher (Table 7). Consequently, our analysis did 
not reveal any clear “concentration–response” gradient between in utero exposure to PCBs at the 
described levels and FT3, FT4 and TSH in umbilical cord blood.  
 
B.  Thyroid parameters in newborn blood 
     1.  Consistency of the association 
Consistency of associations between prenatal PCB exposure levels and concentrations of TSH 
and TH in newborn blood was assessed on the basis of the various study results summarized in 
Tables 5 and 8. Regarding associations between PCB and TSH levels, a positive association 
between these two variables was seen in two of the eight reviewed studies (Koopman-Esseboom 
et al., 1994; Nagayama et al., 2007) (Table 8). A priori, these findings are not in contrast with 
those reported in two other cohorts where a lack of relationship was observed in newborns with 
lower prenatal PCB exposure (Chevrier et al., 2007; Darnerud et al., 2010). However, the 
findings of the studies of Koopman-Esseboom et al. (1994) and Nagayama et al. (2007) are in 
contrast with those of Alvarez-Pedrerol et al. (2008) where circulating TSH concentrations were 
not related to prenatal PCB exposure at levels about two-fold those reported in the Dutch and 
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Japanese cohorts (Tables 5 and 8). Given that PCB exposure has been standardized between all 
studies, the observed discrepancies could not be attributed to a difference in biological PCB 
levels. 
 
When analyzing the consistency of effects of PCB exposure on TH levels in newborn blood, a 
consistent lack of association was observed between studies (whether TT4, FT4, TT3 or FT3 
were measured) except in the study of Nagayama et al. (2007) in Japanese children (Table 8). 
Nagayama et al. (2007) were the only authors to observe a significant association between PCB 
and cretinism incidence, as assessed by circulating FT4 concentrations (Tables 5 and 8). A priori, 
these results are not in contrast with results of the study of Darnerud et al. (2010) who assessed 
associations between PCB and FT4 levels, given that average PCB levels were greater in 
Japanese children on the basis of estimated lipid-adjusted values (Tables 5 and 8).  
 
     2.  “Concentration–response” gradient 
Among the eight studies that examined the relationship between prenatal PCB exposure and 
thyroid parameters in newborn blood, statistical analyses were performed by considering PCB 
biological levels as a continuous variable in five studies (Chevrier et al., 2007; Darnerud et al., 
2010; Fiolet et al., 1997; Herbstman et al., 2008; Koopman-Esseboom et al., 1994). In the study 
of Fiolet et al. (1997), PCB biological levels were also treated as a dichotomous variable. In 
Herbstman et al. (2008), TT4 concentrations were further stratified in quintiles and were treated 
as a dichotomous variable. The remaining three studies were case-control, and the cases were 
comprised of newborns having TSH levels equal or above 10 mIU/L in two studies (Alvarez-
Pedrerol et al., 2008; Ribas-Fito et al., 2003) and diagnosed with cretinism (i.e., TSH > 
 181 
 
10 mIU/mL and FT4 < 1 mg/dL) in the study of Nagayama et al. (2007) (Tables 5 and 8).  
 
When examining the “concentration–response” gradient between PCB and TSH levels in studies 
where statistical analyses were performed by considering exposure levels as a continuous 
variable, no effect was related to prenatal PCB exposure in children with average concentration 
of 349 µg PCBMPEQ/kg lipids at three weeks of age in the study of Darnerud et al., (2010), 
whereas Koopman et al. (1994) reported a significant positive correlation in children with 
median PCB concentration of 394 μg PCBMPEQ/kg lipids during second week of life (Table 5).  
 
On the other hand, combining the three case-control study results (Alvarez-Pedrerol et al., 2008; 
Nagayama et al., 2007; Ribas-Fito et al., 2003) did not allow to define a clear “concentration–
response” gradient between prenatal PCB exposure and an increase in TSH concentration in 
newborns, considering the cut-off set at TSH ≥ 10 mIU/L to discriminate cases from controls. 
While Nagayama et al. (2007) reported that variations in thyroid parameters between cases and 
controls were related to PCB exposure levels, no such relationship was obtained in the studies of 
Ribas-Fito et al. (2003) and Alvarez-Pedrerol et al. (2008), although standardized PCB exposure 
levels are shown in Table 8 to overlap in these three cohorts. It should be noted that mean 
standardized PCB concentrations in the study of Alvarez-Pedrerol et al. (2008) were 2-fold 
higher than those observed in the study of Nagayama et al. (2007) (Table 8). Also, in the study of 
Ribas-Fito et al. (2003), doubling PCB biological levels was not associated with an increased 
risk of having a TSH ≥ 10 mIU/L (Table 5). With regard to FT4 levels in the three case-control 
studies, overall analysis of the “PCB concentration–response” gradient cannot be performed, as 
this hormone was measured only in the study of Nagayama et al. (2007)  (Table 8). 
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4.4.3.3  Strength of the association  
Table 9 summarizes results of the systematic application of standard methodological criteria 
presented in Table 2 for the analysis of  the “strength of the association” between PCB exposure 
and thyroid parameters in pregnant women and newborns. The reviewed studies were generally 
assigned less confidence (minus sign) for “randomization” and “response rate” criteria;  studied 
samples were generally not randomly selected except in the Swedish and the Canadian cohorts 
(Darnerud et al., 2010; Sandau et al., 2002), and excluding the study of Alvarez-Pedrerol et al. 
(2008), the response rates were very low or were not reported (Table 9). With regard to the 
“exposure assessment”, prenatal PCB exposure was directly assessed by biological 
measurements in most studies, hence the same rate was given to 16 of the 17 reviewed studies 
for this criterion (Table 9). For the sudy of Nagayama et al. (2007), notation ± was given to this 
criterion because PCB levels were measured in human milk collected within four weeks after 
childbirth, which may not be totally representative of in utero exposure (Table 5). With 
somewhat declining levels of PCBs in mothers during this breast-feeding period (Rogan et al., 
1986), these measured concentrations may slightly underestimate actual prenatal exposure in this 
population. In this study, the “exposure assessment” criterion is also limited by the fact that PCB 
levels were expressed in nanogram per gram (ng/g) of milk (whole weight) rather than adjusted 
for lipid contents. 
 
Furthermore, thyroid function was generally adequately evaluated according to guidelines of the 
American Thyroid Association (Ladenson et al., 2000; Salay and Garabrant, 2009; Stagnaro-
Green et al., 2011). High confidence was thus given to the “type of outcome” sub-criterion of 
“effect assessment” in the reviewed studies, except for the studies of Herbstman et al. (2008) and 
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Fiolet et al. (1997) for which less confidence was given to this sub-criterion as TSH 
concentration of newborns was not evaluated (Table 9). On the other hand, description of the 
conducted TSH assay was generally missing in most studies, which prevents us from performing 
a comprehensive analysis of this parameter (Table 9).  
 
When analyzing the criteria “confounding variables” and “statistical analysis” simultaneously, 
Table 9 shows that a high confidence (+ sign) was given to both those criteria for nine of the 
seventeen reviewed studies. These were also the only studies where the three categories of 
confounders (namely, mother characteristics, newborn characteristics, and exposure to other 
contaminants) have been considered. The eight other studies were thus not included in the 
subsequent analysis of the “biological concentration – response” relationship (Fiolet et al., 1997; 
Koopman-Esseboom et al., 1994; Longnecker et al., 2000; Maervoet et al., 2007; Nagayama et 
al., 2007; Ribas-Fito et al., 2003; Sandau et al., 2002; Steuerwald et al., 2000), given that an 
uncontrolled variable could partly explain the observed “PCB concentrations–thyroid 
parameters” association. In particular, statistical analysis consisted of correlations or simple 
regression analysis in three of the latter studies (Koopman-Esseboom et al., 1994; Maervoet et 
al., 2007; Sandau et al., 2002), the three categories of confounding variables were not presented 
adequally in three studies (Fiolet et al., 1997; Ribas-Fito et al., 2003; Steuerwald et al., 2000) and 
confounding variables were not all controlled in two studies (Longnecker et al., 2000; Nagayama 
et al., 2007) (Table 9).  
 
It is to be noted that none of the reviewed studies have considered iodine intake as a potential 
confounding variable in the statistical analysis. However, these data were collected from 
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populations of countries where iodine intake is considered sufficient. Therefore, this potential 
confounding factor was not retained in the analysis of the “strength of the association” criterion.  
 
Moreover, out of the eight studies not included in the final analysis of the strength of the 
association, a significant association between PCB exposure and thyroid parameters (TSH and/or 
TH levels) was seen in four studies (Koopman-Esseboom et al., 1994; Maervoet et al., 2007; 
Nagayama et al., 2007; Sandau et al., 2002). Among those studies, Koopman-Esseboom et al. 
(1994) recognized that it was impossible, based on their results, to exclude that other highly 
correlated contaminants such as dioxins could be responsible for the reported effects. In addition, 
these authors confirmed that in their Dutch cohort, variations in thyroid parameters of all the 
mother-infant pairs were within the normal range for age-appropriate controls. Sandau et al. 
(2002) also noted that plasma TSH concentrations were not significantly different between 
Lower North Shore and Nunavik samples. Maervoet et al. (2007) recognized that the differences 
in FT3 and FT4 levels associated with PCB concentrations remained within normal range.  
 
Regarding the study of Nagayama et al. (2007), a positive association between prenatal PCB 
exposure and incidence of cretinism in newborns was observed (i.e., TSH > 10 mIU/L and 
FT4 < 1 mg/dL); mean concentrations of PCBs expressed in terms of whole weight of breast 
milk were lower in the case neonates than in the normal group (p = 0.043; n = 124). As 
mentioned previously, this significant difference between case and control groups was no longer 
present when PCB levels were adjusted for lipid contents (Table 5). This indicates that the 
percentage of lipids in maternal milk was not comparable between the studied groups of 
Nagayama et al. (2007), which introduced a systematic error in their calculated risk. 
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Furthermore, in their study, normal neonates as well as neonates with cretinism were categorized 
into controls and cases, according to breast milk measurements ≤ or > median PCB levels in 
controls. In the cretinism group compared to the control group, there was a 10-fold higher risk of 
having median PCB concentration in breast milk exceeding median values of controls (odd 
ratio = 10; p = 0.003). Nonetheless, it was shown in section 3.2. that based on the lipid adjusted 
concentrations of PCB in maternal milk kindly transmitted by Mr. Nagayama, the overlapping 
distributions of exposure levels in the case and control groups is higher, such that calculated odds 
ratio should approach 1. In other words, these results question the conclusion of assigning the 
risk of cretinism to prenatal PCB exposure levels described in the cases.  
 
When considering the nine reviewed studies attributed an overall higher confidence (according to 
the applyied methodological criteria) and retained in the final analysis of the strength of the 
association, the study of Takser et al. (2005) was the only one that reported a significant 
association between PCB body buden and TH levels in pregnant women (i.e., TT3). No 
association with PCB levels were observed when circulating TSH and FT4 levels were used to 
assess thyroid function (Takser et al., 2005). Moreover, although the authors did not specify the 
clinical significance of the observed change in TT3 levels, they recognized that it was difficult to 
distinguish the relative contribution of each organochlorine on TH levels, given the high 
correlation observed between PCBs and other chlorinated contaminants (i.e., oxychlordane, 
mirex, DDT, DDE, β HCB etc.) (Takser et al., 2005). As reported in Stagnaro-Green et al. 
(2011), serum TSH is considered a more accurate indication of thyroid status during pregnancy. 
When maternal TSH is elevated, measurement of serum FT4 is necessary to classify the patient 
as having either subclinical or overt hypothyroidism. Because levels of these two hormones were 
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not associated with PCB body burden in the Canadian parturients, thyroid dysfunction cannot be 
attributed to PCBs in this study. Regarding the association between prenatal PCB exposure and 
thyroid status in newborns, a lack of significant association was consistently obtained. Therefore, 
based on the systematic analysis conducted in this work, there is a low probability of thyroid 
dysfunction in newborns occurring at the described in utero PCB biological concentrations. 
 
As for “precision of results” criterion, statistically significant findings were reported using a  
95% CI on the observed result in nine of the seventeen reviewed studies (Table 9). Furthermore, 
among the nine studies that were previously given an overall higher confidence for the “strength 
of the association” criterion, six studies reported statistical significance with 95% CI (Alvarez-
Pedrerol et al., 2008; Chevrier et al., 2007; Chevrier et al., 2008; Darnerud et al., 2010; 
Herbstman et al., 2008; Lopez-Espinosa et al., 2009). In the remaining three studies (Dallaire et 
al., 2008, 2009; Takser et al., 2005), p-values were reported, which prevents us from evaluating 
the precision of these results (Table 9). Furthermore, in the study of Alvarez-Pedrerol et al. 
(2008), the number of subjects in the category of neonates with TSH levels equal or above 10 
mUI/L was small (n = 5), although 95% CI were reported (Table 5).  
 
Overall, based on the analysis of the strength of the association conducted in this work, there is a 
low probability of thyroid dysfunction in pregnant women or newborns occurring at the 
described PCB concentrations. The observed variations in TSH and TH were within the normal 
range of the considered population or the clinical significance cannot be related to PCB 
exposure. Moreover, it is known that various changes in thyroid parameter levels reflect 
physiologic adaptations and other factors can have an impact on these concentrations, such as 
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season, time of sampling and stress (Darnerud et al., 2010; Longnecker et al., 2000; Stagnaro-
Green et al., 2011; Takser et al., 2005).   
4.4.3.4  Specificity of the association between the agent and a health effect 
The specificity of the association is not satisfied because PCB-related effects on thyroid function 
are not specific; other chemicals which are correlated with PCBs may affect TH and TSH levels 
in pregnant women and newborns, and could be probable confounders. It is the case of PCDFs, 
PCDDs, DDE, PBDE and organochlorine pesticides (Chevrier et al., 2008; Nagayama et al., 
2007; Pearce and Braverman, 2009; Takser et al., 2005). Mother and newborn characteristics 
may also be associated with PCB exposure or thyroid parameters, which makes it difficult to 
attribute the observed discrepancies between studies to differences in PCB concentrations.  
4.4.4  Biological reference value 
The current work on the systemic analysis of available epidemiological studies lead us to assess 
if it was possible to establish a biological limit value of PCB exposure below which risk of 
effects on thyroid parameters in pregnant women and newborns should be negligible. 
Considering studies for which higher confidence was assigned in the systematic analysis, and in 
particular studies in which thyroid function was evaluated with measurements of both TSH and 
FT4 circulating levels (according to Salay and Garabrant (2009)), no clinical dysfunction of 
thyroid in pregnant women or their offspring was clearly evidenced at the described biological 
concentrations (mean value of about 1000 µg PCBEQPM/kg lipids). The PCBMPEQ biological 
reference value of 1000 µg/kg lipids that was proposed to prevent neurodevelopmental effects 
(El Majidi et al., 2013) should also prevent effects on birth weight and on thyroid function in 
pregnant women or newborns. 
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4.5  Overall assessment of the concentration–response relationship between 
PCB exposure and thyroid parameters in pregnant women and newborns 
based on the standardized approach 
Overall, this study allowed to better assess the impact of PCB exposure on thyroid function 
through a systematic analysis of the “biological PCB concentration–TSH and TH” relationship in 
pregnant women and newborns, following a standardization of biological data and application of 
causality criteria. In the last decades, other review studies have attempted to standardize 
biological PCB measurements between studies to better assess this relationship (Hagmar, 2003; 
Longnecker, 2001). As discussed in El Majidi et al. (2012), the latter approaches were not 
applicable to all published epidemiological data. Nonetheless, in line with our current results, 
these two reviews highlighted inconsistencies between studies assessing whether PCB exposure 
might affect human thyroid hormone homeostasis.  
 
Our current standardization approach was dependent on available data for such standardization. 
As the Canadian data of Newsome et al. (1995) used for the standardization approach may not be 
representative of that of participating parturients in all studied cohorts, some uncertainties may 
have been introduced; the composition of the mixture of PCB congeners may show time and 
geographic variations between studies. Biological samples were collected before or shortly after 
1992 in three of the seventeen reviewed studies (Fiolet et al., 1997; Koopman-Esseboom et al., 
1994; Longnecker et al., 2000). The standardized concentrations in terms of µg PCBMPEQ/kg 
lipids estimated in populations of these three cohorts may thus be an underestimation of the 
actual prenatal PCB exposure. For the remaining reviewed studies, as biological specimens were 
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collected during the ten years following sampling by Newsome et al. (1995), the standardized 
concentrations in terms of µg PCBMPEQ/kg lipids may not be a precise estimate of the actual 
prenatal PCB exposure in the respective cohorts. Nonetheless, in line with results of the study of 
Longnecker (2001), on the basis of our systematic analysis of the reviewed seventeen 
epidemiological studies, the weight of evidence of relationship between TSH or TH levels and 
PCB exposure in pregnant women and children is very low at the described PCB biological 
concentrations. 
 
Furthermore, our systematic analysis was based on published data, which required some 
assumptions to be made, thus limiting some of the exploitation of results. For instance, we 
assumed in our review that the percentage of body lipids in mothers was comparable across the 
studied populations. As more than 90% of total PCBs in blood is distributed in lipidic 
components (Wolff, 1985), our analysis could have been improved if the distributions of this 
variable were provided for the studied populations. Our systematic analysis was also limited by 
the available description of the explanatory variables of the studied effect. This analysis could 
have been facilitated if all studies reported consistently description of all main variables that can 
have an effect on thyroid status in pregnant women or newborns (gestational age, birth weight, 




Conversion of volume-weighted PCB concentrations in plasma or blood into plasma lipid-adjusted 
concentrations 
Target groups  
Reported concentration 
expressed in  
Mean conversion factor to express PCB 
concentration in  µg/kg of plasma lipids  
 
Men and  





µg/L whole blood d 222.63 
 





µg/L whole blood d 175.95 
 
Newborns  





µg/L whole blood d 584.42 
Note: To express the concentration in µg/kg plasma lipids, the reported concentration expressed in µg/L simply 
needs to be multiplied by the conversion factor. 
a Assuming that concentration of total lipids in plasma is of 7.35 g/L (ICRP, 1994). 
b Assuming that concentration of total lipids in pregnant women plasma is of 9.3 g/L (Butler Walker et al., 2003). 
c Assuming that concentration of total lipids in umbilical cord plasma is 2.8 g/L (Butler Walker et al., 2003). 
d Assuming that 90% of PCB molecules in blood are found in plasma lipids (Wolff, 1985) and that hematocrit is of 





Standard methodological criteria used in the systematic analysis of the studies reviewed to assess the strength 
of the association between prenatal PCB exposure and levels of thyroid hormones and TSH 







Not reported (0) 
 
Response rate  
Over 75% (+) 
Lower than 75% (-) 
Not reported (0) 
 
Exposure assessment Measured (+) 
Estimated (-) 
Not reported (0) 
 
Assessment of effect Type of estimated outcome a 
TSH and  FT4  (+) 
TSH only (+) 
Thyroid hormones only (TT4, FT4, TT3 or FT3) (±) 
 
Description of TSH Assay a 
 Assay sensitivity ≤ 0.02 mIU/L (+) 
 Assay sensitivity  > 0.2 mIU/L with  measurements of 
serum FT4 and TT3 or FT3 (+) 
 Radioimmunoassay, no specification of method or assay 
sensitivity (-) 
 
Control of confounding variables b Yes (+) 
No (-) 
Not reported (0) 
 
Statistical analysis Multivariate analysis accounting for potential confounding 
variables (+) 
Simple correlation or regression analysis (-) 
 
Precision of results p-value (-) 
Confidence interval (CI) (+) 
 
Note: Adapted from Swanson et al. (1995), and based on Rothman (2002) and Rothman et al. (2008). 
a Based on Ladenson et al. (2000), Stagnaro-Green et al. (2011) and Salay and Garabrant (2009). 
b Confounders were assessed according to their classification in three categories: maternal characteristics, newborn 








Matrix of PCB measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 
thyroid parameters in maternal plasma 
 








Σ PCB 28, 52, 99, 101, 105, 
118, 128, 138, 153, 156, 170, 
180, 183, 187 
 




  1st trimester of pregnancy 
  Median: 0.33; n = 39 
  5th – 95th percentile: 0.16–1.31 
  2nd trimester of pregnancy 
  Median: 0.35; n = 145 
  5th – 95th percentile: 0.18–1.05 
  At delivery 
  Median: 0.39; n = 101 




  1st trimester of pregnancy 
  Median: 53 a,b 
  5th – 95th percentile: 26 – 210 a,b 
  2nd trimester of pregnancy 
  Median: 56a,b 
  5th – 95th percentile: 29 – 168 a,b 
  At delivery 
  Median: 63a,b 
 5th – 95th percentile: 32 – 196 a,b 
 
Multiple regression analysis (lipid-adjusted 
mixed models)– Hormone levels during 
pregnancy 
TSH (mIU/L): ─ c; p > 0.05; n = 39–101  
FT4 (pmol/L): ─; p > 0.05; n = 39–101 







Maternal serum at the end of 
second trimester d  
Σ PCB 18, 28, 44, 49, 52, 66, 
74, 99, 101, 118, 138, 146, 153, 





Geometric mean: 65.3; n = 334 





Geometric mean: 85 a 
95% CI: 80 – 90 a 
 
Multiple linear regression analysis – change in 
TT4 concentration (µg/dL) per 10 fold 
increase in exposure – β (95% CI) 
TSH (mIU/L): ─; n = 333 
FT4 (ng/dl): –0.12 (–0.24, –0.01) e; n = 333 





Maternal serum at weeks 32 to 
34 
Σ PCB 138, 153, 180 
 
(1996 – 1999) 
µg/kg lipids 
Median: 128 
Range: 28–367; n = 281 
 
 
Median: 349 a 
Range: 76–1002 a 
 
Simple regression analysis, and if the 
regression coefficient was significantly 
different from zero the result was adjusted for 
confounders  
TSH (mIU/L) and FT4 (pmol/L): p > 0.05 
(simple regression); n = 281 
TT3 (nmol/L): p > 0.05 in the multiple 





Matrix of PCB measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 










Maternal serum at 12 weeks of 
pregnancy 







Mean ± SD: 200 ± 240 
Geometric mean ± GSD: 150 ± 2.1 
Median: 137; n = 157 





Mean ± SD: 429 ± 514 a 
Geometric mean ± GSD: 321 ± 4.5 a 
Median: 294 a 
5th–95th percentile: 114 – 1393 a 
 
 
At 12 weeks of pregnancy  
Multiple linear regression – β (95% CI)  
TSH (mIU/L): –0.05 (–0.17, 007); p = 0.404; 
n = 157 
TT3 (nmol/L): –0.01; (–0.04, 0.03); 
p= 0.761; n = 157 
FT4 (pmol/L): 0.01; (–0.01, 0.05); p = 0.250; 
n = 157 
Logistic regression– OR for TSH > 2.5 mIU/L 
(95% CI) 












Breast milk at birth f 
















Spearman rank correlation coefficients of 
hormone levels measured during the last 
month of pregnancy “Maternal pregnancy” 
TSH (µIU/mL) h: ─; p > 0.05; n = 78 
FT4 (pmol/L) h: ─; p > 0.05; n = 78 
TT3 (nmol/L) i: –0.36; p < 0.001; n = 78 
TT3 (nmol/L) h: –0.39; p < 0.001; n=78 




















Geometric mean: 107.7; n = 120 






Geometric mean: 665 a 





Multiple regression analysis – standardized β 
TSH (mIU/L): 0.05; p > 0.05; n = 120 
FT4 (pmol/L): –0.05; p > 0.05; n = 120 






Matrix of PCB measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 
thyroid parameters in maternal plasma 
 
Steuerwald 





Maternal serum at 34 weeks of 
pregnancy  
∑(PCB138, 153, 180) x 2 
 
(1994 – 1995) 
 
µg/kg lipids 
Geometric mean: 1120; n = 173 
25th – 75th: 620 – 1870 
Range: 40 – 18400 
 
 
Geometric mean: 1528 a 
25th – 75th: 846 – 2552 a 
Range: 55 – 25110 a 
 
Correlation analysis  
TSH: ─; n = 182 
TT4: ─; n = 182 
FT3: ─; n = 182 
FT4: ─; n =182 
Note: TT3, total triiodothyronine; FT3, free triiodothyronine; TT4, total thyroxine; FT4, free thyroxine; TSH, thyroid stimulating hormone; ─ =no significant association was 
observed; ↓ = a significant negative association was observed. 
a Converted in terms of total PCB concentrations. 
b Volume-weighted concentration converted into lipid-adjusted concentration. 
c Positive correlation between PCBs and TSH levels was reported for PCB 180 only.  
d Maternal serum specimens were collected at the end of second trimester except for 19 specimens, which were collected shortly before delivery. 
e A 10-fold increase in total PCBs was associated with 0.12 ng/dl decrease in FT4, corresponding to a 0.15 ng/dl decrement (equivalent to about 0.6 standard deviation units) over 
the full range of total PCB exposure. This result was no longer significant after exclusion of two outliers whose FT4 values were more than four standard deviations above the 
mean. Adjustment for hexachlorobenzene altered the statistical significance of the association between ΣPCB biological concentrations and FT4 levels (2008). 
f According to Longnecker et al. (2000) who estimated total PCBs concentration on the basis of concentrations of 19 PCB congeners measured in the studies of Longnecker et al. 
(2000) and Koopman-Esseboom et al. (1994). 
g Converted in terms of concentrations in maternal plasma. 
h Based on results reported for planar-PCB TEQ (77, 126, 169).  








Matrix of PCB measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 
umbilical thyroid parameters  
 
Herbstman 





Umbilical cord serum 


















At 2 days–Adjusted odds ratio (OR) and 
95% CI associated with 1 natural 
logarithmic unit change in PCB d, e 
TSH: “High” being the highest quintile vs. 
“Low” being the rest of the distribution 
TT4 and FT4: “Low” being the lowest 
quintile vs. “High” being the rest of the 
distribution 
TSH (mIU/L): 0.92 (0.53–1.58); n = 286 
TT4 (ng/L): 1.18 (0.70–2.00); n = 287 
FT4 (pg/L): 1.08 (0.64–1.83); n = 287 
 







Umbilical cord plasma 
PCB 28, 52, 99, 101, 105, 118, 
128, 138, 153, 156, 170, 180, 
183 et 187 
 




Median: 0.16; n = 92 




Median: 139 c,f,g 





Analysis of covariance (General linear model 
procedure) 
 
No significant association (p < 0.05) was found 
(data not shown) 
TSH (mIU/L):─; p > 0.05; n = 92 
FT4(pmol/L): ─; p > 0.05; n = 92 








Umbilical cord blood 






Mean ± SD: 106 ± 72.2; n = 198 
Median: 91.7 




Mean ± SD: 364 ± 248 c,f 
Median: 315 c,f 
5th – 95th percentile: 69 – 911 c,f 
 
 
Unstandardized regression coefficients–β 
(SE) 
ln TSH (mIU/L): –0.20 (0.30); p = 0.50; n = 196 
ln FT4 (pmol/L): –0.59 (0.13); p < 0.001; 
n = 196 





Matrix of PCB measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 










Breast milk at birth h 





Median: 525 h; n = 78 
 
 
Median: 394 c,h 
 
 
Spearman rank correlation coefficients of 
hormone levels measured in cord plasma  
TSH (mIU/L), FT4 (pmol/L), TT4 (nmol/L), 
and TT3(nmol/L) i: ─; p > 0.05; n = 75 




















Geometric mean: 83.1; n = 95 





Geometric mean: 841 c,f 





Multiple regression analysis – standardized β 
TSH (mIU/L): –0.05; p > 0.05; n = 95 
FT4 (pmol/L): –0.14; p > 0.05; n = 95  


















Geometric mean: 95.0; n = 410  




Lower North Shore of the St 
Laurence River 
Geometric mean: 63.6; n = 260  





Geometric mean: 962 c,f 




Lower North Shore of the St 
Laurence River 
Geometric mean: 644 c,f 




Multiple regression analysis – standardized β 
Nunavik 
TSH (mIU/L): –0.11; p = 0.06; n = 410 
FT4 (pmol/L): 0.06; p = 0.29; n = 410 
TT3 (nmol/L): 0.06; p = 0.34; n = 410 
 
 
Lower North Shore of the St Laurence River 
TSH (mIU/L): –0.02; p = 0.83; n = 260 
FT4 (pmol/L): –0.01; p = 0.93; n = 260 








Matrix of PCB measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 
umbilical thyroid parameters  
 





Umbilical cord plasma 






Geometric mean: 1.510; n = 10 
Range: 0.309 – 6.230  
 
Lower North Shore of the St 
Laurence River 
Geometric mean: 2.710; n = 10 






Geometric mean: 879 c,g 
Range: 180 – 3627 c,g 
 
Lower North Shore of the St 
Laurence River 
Geometric mean: 1578 c,g 
Range: 306 – 4494 c,g 
 
TSH, TT3 and FT4 levels were not significantly 
different between the two regions  
 
  Correlation analysis (r coefficient) 
 











Maternal milk k 






1st tertile: < 1530; n = 52 
2nd tertile: 1530–2070; n = 53 
3rd tertile: > 2070; n = 55 
 
 
1st tertile: < 1147 c 
2nd tertile: 1147 – 1552 c 
3rd tertile: > 1552 c 
 
Multiple regression analysis–standardized β 
(SE) 
ln (TSH) (mIU/L): 0.067 (0.065); n = 154  
FT4 (ng/dL):–0.047 (0.035); n = 156 
TT4 (µg/dL): 0.16 (0.16); n = 160 
No notable relations were present. 
 
Steuerwald 





Maternal serum at 34 weeks of 
pregnancy  





Geometric mean: 1120; n = 173 
25th  – 75th: 620 – 1870 
Range: 40 – 18400 
 
 
Geometric mean: 1528 a 
25th – 75th: 846 – 2552 a 
Range: 55 – 25110 a 
 
Correlation analysis  
TSH: ─; n = 182 
TT4: ─; n = 182 
FT3: ─; n = 182 
FT4: ─; n =182 
Note: TT3, total triiodothyronine; FT3, free triiodothyronine; TT4, total thyroxine; FT4, free thyroxine; TSH, thyroid stimulating hormone; ─ =no significant association was 
observed; ND, non detectable; LNS, Lower North Shore. 
a According to Herbstman et al. (2007). 
b Based on the concentration of PCB 153 reported for all deliveries. 
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 c Converted in terms of concentrations in maternal plasma. 
d According to the supplement information given on line. 
e The authors examined this relationship by delivery type (Spontaneous unassisted vaginal delivery (SUVD) vs. all deliveries), and statistical significant relationship was observed. 
However, PCB levels in SUVD group were not provided. 
f Converted in terms of total PCB concentrations. 
g Volume-weighted concentrations converted into lipid-adjusted concentrations. 
h According to Longnecker et al. (2000) who estimated total PCBs concentration on the basis of concentrations of 19 PCB congeners measured in the studies of Longnecker et al. 
(2000) and Koopman-Esseboom et al. (1994). 
i Considering exposure to PCB TEQ. 
j Based on results reported for the non planar PCB levels (PCBs 137, 138, 153). 






Results of studies analyzing the association between prenatal PCB exposure and newborn thyroid parameters (along with standardized biological levels) 
Studies 
(cohorts) 
Matrix of PCB measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 
newborn thyroid parameters  
 
Herbstman 












Mean ± SD: 6.8 ± 2.1; n = 289 
Median: 6.3 





Mean ± SD: 69 ± 21 c  
Median: 64 c 
Range: 8 – 733 c 
 
 
At 2 days–Adjusted odds ratio (OR) and 
95% CI associated with 1 natural 
logarithmic unit change in PCB (“High”: 
being the highest quintile vs. “Low”: being 
the lowest quintile) d, e 











Maternal serum at the end of 
second trimester f  
Σ PCB 18, 28, 44, 49, 52, 66, 
74, 99, 101, 118, 138, 146, 153, 






Geometric mean: 59.8; n = 285 





Geometric mean: 78 g 





Multiple linear regression analysis – fully 
adjusted association – β (95% CI) 
 
TSH (mIU/L): 0.06 (–0.05, 0.16); n = 285 
 
 




Breast milk between 6 and 10 
days after birth 
Σ PCB 28, 52, 60, 74, 101, 
105, 118, 138, 153, 156, 157, 






Median: 263.4; n = 72 
25th – 75th: 203.6 – 331.8  
Range: 102.5 – 606.7 
 
“High”: > 263.4 
“Low”: < 263.4 
 
 
Median: 332 g, c  
25th – 75th: 254 – 418 g, c  
Range: 129 – 764 g, c 
 
“High”: > 332 g, c 
“Low”: < 332 g, c 
 
At 5 to 7 days–Comparison of “High” and 
“Low” groups 
TT4 (nmol/L): ↓; p ≤ 0.05; n = 72 
 
Multiple regression analysis 







Matrix of PCB measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 






Cord serum  







Median: 0.27; n = 70  
Group TSH ≥ 10 mIU/L 
Geometric mean: 0.44; n = 10 
Range: 0.23 – 0.82  
 
Group TSH < 10 mIU/L 
Geometric mean: 0.34; n = 60 






Median: 337 c, g, i 
Group “High” (TSH ≥ 10 mIU/L) 
Geometric mean: 549 c, g, i  
Range: 287–1023 c, g, i  
 
Group “Low” (TSH < 10 mIU/L) 
Geometric mean: 424 c, g, i  






At 3 days– Difference in PCB levels between 
“High” and “Low” TSH groups  
 “High” vs “Low” group: – ; p > 0.05; n = 70 
 
Gestational age adjusted odds ratio (OR) of 
having TSH ≥ 10 mIU/L (95% CI) for 
doubling of a dose 










Maternal serum at weeks 32 to 
34 










Median: 349 g 
Range: 76 – 1002 g 
 
 
At 3 weeks–Simple regression analysis, and if 
the regression coefficient was significantly 
different from zero the result was adjusted for 
confounders  
Simple regression–mean (SE)  
TSH: 0.12 (0.18); p > 0.05 
TT3: –0.09 (0.10); p > 0.05 
FT4: –0.07 (0.42); p > 0.05 












Breast milk at birth k 










Median: 394c, k 
 
 
At 2 weeks–Spearman rank correlation 
coefficients of hormone levels measured in 
cord plasma 
TSH: 0.37 l; p ≤ 0.001; n = 78 






Matrix of PCB measurement 
and exposure index 
(Year of sample collection) 
Reported PCB concentration in the 
original matrix (median, mean, 
range, percentiles, tertiles) 
Standardized PCBMPEQ 
concentrations in maternal plasma 
(µg/kg lipids) 
Statistical analysis on the effects observed on 







Maternal milk collected within 
four weeks after childbirth 






Mean ± SD 
Case group (neonates diagnosed as 
cretinism): 92 ± 42; n = 22 
 
Reference group (normal): 113 ± 82; 




Case group: 558 ± 255 c, g  
 
 
Reference group: 685 ± 497 c, g 
 
At 3–20 days–Comparison of PCB levels 
between case and reference groups p 
p = 0.043; n =124 
 
Number of measurements which were ≤ and > 
the median of the breast milk in the reference 
group–adjusted odds ratio for parity and 
maternal age p  

















Group “High” (TSH ≥ 10 mIU/L) q 
Mean: 0.87; n = 5 
95% CI: 0.55 – 1.37 
 
Group “Low” (TSH < 10 mIU/L) 
Mean: 0.70; n = 382 




Group “High” (TSH ≥ 10 mIU/L) 
Mean (95%CI): 1085 (686 – 1709) 
 
 
Group “Low” (TSH < 10 mIU/L) 
Mean (95%CI): 873 (773 – 912) 
 
 
At 3 days– Difference in PCB levels between 
“High” vs “Low” TSH group  
 p > 0.05; n = 387 
 
Linear regression models–Adjusted 
coefficient (SE) r 
TSH: 0.28 (0.23); p = 0.231; n = 27  
 
Note: TT3, total triiodothyronine; FT3, free triiodothyronine; TT4, total thyroxine; FT4, free thyroxine; TSH, thyroid stimulating hormone 
a According to Herbstman et al. (2007). 
b Based on the concentration of PCB 153 reported for all deliveries. 
c Converted in terms of concentrations in maternal plasma. 
d According to the supplement information given on line. 
e The authors examined this relationship by delivery type (Spontaneous unassisted vaginal delivery (SUVD) vs. all deliveries), and statistical significant relationship was observed. 
However, PCB levels in SUVD group were not provided. 
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f Maternal serum specimens were collected at the end of second trimester except for 19 specimens, which were collected shortly before delivery. 
g Converted in terms of total PCB concentrations. 
h According to Liem et al. (1995). 
i Volume-weighted concentrations converted into lipid-adjusted concentrations. 
j PCB 138 and 118 concentrations were related to higher concentration of TSH (≥10 mIU/L).  
k According to Longnecker et al. (2000) who estimated total PCBs concentration on the basis of 19 PCB congeners measured in the studies of Longnecker et al. (2000) and 
Koopman-Esseboom et al. (1994). 
l Based on results reported for planar-PCB TEQ (77, 126, 169).  
m Based on results reported for nonplanar-PCB TEQ (137, 138, 153).  
n According to Kanisue et al. (2004), nonortho-PCBs are PCB 77, 81, 126, 169 and monoortho-PCBs are PCB 105, 114, 118, 123, 156, 157, 167, 189). 
o Diagnoses of cretinism were: TSH > 10 mIU/L; FT4 < 1 mg/dL.  
p According to the obtained results conducted with PCB concentration expressed in ng/g of whole maternal milk. 
q The detection limit (TSH = 10mIU/L) was used as cut-off point between the two groups. 
r This analysis was performed in a subsample of children (n = 27) for which concentrations of TSH were available. Considering levels of each of the following PCBs, PCB 118, 






Summary of consistency between studies on the relationship between PCB exposure and thyroid parameters 
in pregnant women   
Studies Interval of PCBMPEQ exposure (µg/kg lipids) 
Observed effects on thyroid parameters in pregnant 
women 
TT3 FT3 TT4 FT4 TSH 
 
Takser et al. (2005) 
 
Median: 53 
5th – 95th percentile: 26 – 210a  
↓ 0 0 – – b 
 
Chevrier et al. (2008) 
 
Geometric mean: 85 
95% CI:80 – 90  
0 0 – – – 
 
Darnerud et al. (2010) 
 
Median: 349 
Range: 76 – 1002 
– 0 0 – – 
 




5th – 95th percentile: 114 – 1393 
– 0 0 – – 
 
Koopman-Esseboom et al. 
(1994) 
 
Median: 394c ↓ 0 ↓ – – 
 
Dallaire et al. (2009) 
 
Geometric mean: 665 
95% CI: 579 – 773 
 
– 0 0 – – 
 
Steuerwald et al. (2000) 
 
Geometric mean: 1528 
25th – 75th: 846 – 2552 
Range: 55 – 25110 
0 – – – – 
Note: Adapted from Hagmar et al. (2003); PCBMPEQ, standardized PCB levels expressed as maternal plasma equivalent; TT3, 
total triiodothyronine; FT3, free triiodothyronine; TT4, total thyroxine; FT4, free thyroxine; TSH, thyroid stimulating hormone; 
0, association not assessed or not reported; –, no significant association; ↓, significant negative association. 
a Based on the estimated PCB body burden reported during first trimester of pregnancy (the conservative scenario).  
b Positive correlation between PCB biological concentrations and TSH levels was reported for PCB 180 only.  
c According to Longnecker et al. (2000) who estimated total PCBs concentrations on the basis of 19 PCB congeners measured in 





Summary of consistency between studies on the relationship between prenatal PCB exposure and thyroid 
parameters in umbilical cord blood 
Studies Interval of prenatal PCBMPEQ exposure (µg/kg lipids) 
Observed effects on umbilical thyroid parameters  
TT3 FT3 TT4 FT4 TSH 
 
Herbstman et al. (2008) 
 
Median: 64 
Range: 8 – 733 
0 0 – – – 
 
Takser et al. (2005) 
 
Median: 139  
95% CI: ND – 305  
– 0 0 – – 
 
Maervoet et al. (2007) 
 
Median: 315 
95% CI: 69 – 911 
0 ↓ 0 ↓ – 
 
Koopman-Esseboom et al. 
(1994) 
 
Median: 394 a – 0 – – ↑b 
 
Dallaire et al. (2009) 
 
Geometric mean: 841 
95% CI : 723 – 992 
– 0 0 – – 
 
Dallaire et al. (2008) 
 
Nunavik 
Geometric mean: 962  
95% CI: 896 – 1022 
– 0 0 – – 
 
Lower North Shore of the St 
Laurence River 
Geometric mean: 644  
95% CI: 566 – 724 
– 0 0 – – 
 
Sandau et al. (2002) 
 
Nunavik 
Geometric mean: 879 
Range: 180 – 3627  
– 0 – 0 ↓  
Lower North Shore of the St 
Laurence River 
Geometric mean: 1578 
Range: 306 – 4494 
 
Longnecker et al. (2000) 
 
25th – 75th: 1147 – 1552 0 nc – – – 
 
Steuerwald et al. (2000) 
 
Geometric mean: 1528 
25th  – 75th: 846 – 2552 
Range: 55 – 25110 
0 – – – – 
Note: Adapted from Hagmar et al. (2003); PCBMPEQ, standardized PCB levels expressed as maternal plasma equivalent; 
TT3, total triiodothyronine; FT3, free triiodothyronine; TT4, total thyroxine; FT4, free thyroxine; TSH, thyroid stimulating 
hormone; 0, association not assessed or not reported; –, no significant association; ↓, significant negative association; ↑, 
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significant positive association; nc, not considered given that decomposition of T3 during storage has been assumed.  
a  According to Longnecker et al.  (2000) who estimated total PCBs concentrations on the basis of 19 PCB congeners measured in 
the  studies of Longnecker et al. (2000) and Koopman-Esseboom et al. (1994). 
b This relationship was observed when PCB exposure was estimated using non-planar PCB TEQ (PCBs 137, 138, 153), but not 






Summary of consistency between studies analyzing the relationship between prenatal PCB exposure and 
thyroid parameters in newborns 
Studies Interval of prenatal PCBMPEQ exposure (µg/kg lipids) 
Observed effects on newborns thyroid parameters  
TT3 FT3 TT4 FT4 TSH 
 
Herbstman et al. (2008) 
 
Median: 64 
Range: 8 – 733 
0 0 – 0 0 
 
Chevrier et al. (2007) 
 
Geometric mean: 78 
95% CI: 73 – 83 
0 0 0 0 – 
 
Fiolet et al. (1997) 
 
Median: 332  
25th – 75th: 254 – 418 
Range: 129 – 764 
0 0 – a 0 0 
 
Darnerud et al. (2010) 
 
Median: 349 
Range: 76 – 1002 
– 0 0 – – 
 
Koopman-Esseboom et al. 
(1994) 
 
Median: 394b 0 0 0 0 ↑c 
 
Ribas-Fito et al. (2003) 
 
Geometric mean: 549 d 
Range: 287 – 1023  
 
0 0 0 0 – 
 
Nagayama et al. (2007) 
 
Mean: 558 
95% CI: 320 – 796 e 
0 0 0 ↓f ↑f 
 




Mean: 1085d  
95% CI: 686 – 1709 d 0 0 0 0 – 
Note: Adapted from Hagmar et al. (2003); PCBMPEQ, standardized PCB levels expressed as maternal plasma equivalent; 
na, hormone not assessed; TT3, total triiodothyronine; FT3, free triiodothyronine; TT4, total thyroxine; FT4, free thyroxine; 
TSH, thyroid stimulating hormone; 0, association not assessed or not reported; –, no significant association; ↓, significant 
negative association; ↑, significant positive association. 
a Based on results of multiple regression analysis. 
b According to Longnecker et al. (2000) who estimated total PCBs concentrations on the basis of 19 PCB congeners measured in 
the  studies of Longnecker et al. (2000) and Koopman-Esseboom et al. (1994) 
c At 2 weeks, a significant association was seen between prenatal exposure to planar-PCB TEQ or non-planar PCB TEQ and TSH 
levels, while at 3 months, this relationship remained significant for planar-PCB TEQ only.  
d Based on biological concentrations measured in the group of newborns with TSH levels above of 10 mIU/L(“High” group). 
eThe 95% CI was estimated using mean ± 2 SE (standard error) in “Cretinism” group. 




Results of the systematic analysis of reviewed studies, using standard methodological criteria, to assess the strength of the association between prenatal 












Randomization Response rate Type of outcome TSH assay description 
Herbstman et al. (2008) – 0 + + a; ± b – a; nr b + a, b + + 
Takser et al. (2005) – 0 + + a,  c – a, c + a, c + – 
Chevrier et al. (2007) – – + + b – b + b + + 
Chevrier et al. (2008) – – + + c –c + c + + 
Fiolet et al. (1997) – – + ± b nr b – b, d + – 
Ribas-Fito et al. (2003) nr – + + b – b – b, d + + 
Darnerud et al. (2010) + – + + b, c – b, c + b, c + + 
Maervoet et al. (2007) – 0 + + a – a – a + + 
Lopez-Espinosa et al. (2009) – ─ + + c – c + c + + 
Koopman-Esseboom et al. 
(1994) – 0 + + 
a, c; + b – a, b, c – a, b, c, e ─ – 
Nagayama et al. (2007) nr  ─ ± + b – b – f + – 
Dallaire et al. (2009) – – + + a, c – a, c + a, c + – 
Dallaire et al. (2008) – 0 + + a – a + a + – 














Randomization Response rate Type of outcome TSH assay description 
Longnecker et al. (2000) – 0 + + a – a – a, g + + 
Alvarez-Pedrerol et al. 
(2008) nr + + + 
b – b + b + + 
Steuerwald et al. (2000) – – + + c – c – c, d – – 
Note: nr = not relevant (TSH not measured) 
a According to the analysis of the association between prenatal PCB exposure and thyroid parameters in umbilical cord blood. 
b According to the analysis of the association between prenatal PCB exposure and thyroid parameters in blood of newborns. 
 c According to the analysis of the association between PCB body burden and thyroid parameters in pregnant women. 
d As the considered confounders were not clearly presented. 
e As statistical analysis consisted of a correlation analysis without any adjustment for maternal and children characteristics. 
f As statistical adjustment was made for maternal age and parity only.  
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Les travaux de recherche présentés dans cette thèse fournissent aux organismes 
gouvernementaux et aux autorités de santé publique responsables de l’établissement de 
directives et des normes l’information utile à la révision des critères sanitaires visant à 
protéger la santé des enfants contre l’exposition environnementale aux BPC. L’approche 
d’analyse systématique développée dans le cadre de ces travaux permet d’intégrer l’ensemble 
des études épidémiologiques publiées sur un sujet d’intérêt en utilisant la connaissance de la 
toxicocinétique de contaminants environnementaux pour standardiser les données biologiques 
et en appliquant des critères méthodologiques de causalité. Cette approche a permis 
d’atteindre l’objectif général de cette thèse qui consistait à analyser la relation « concentration 
biologique de BPC – effet » entre l’exposition environnementale aux BPC et, d’une part, le 
développement mental et moteur de l’enfant et, d’autre part, les paramètres de la fonction 
thyroïdienne chez la femme enceinte et le nouveau-né.  
 
Cette thèse a permis de préciser la confiance pouvant être attribuée aux études menées sur 
l’impact de l’exposition aux BPC sur les effets ciblés. Les données publiées depuis les trois 
dernières décennies ont été colligées. Le développement mental et moteur de l’enfant a été 
évalué avec le poids à la naissance ou avec un ensemble de tests neuropsychologiques dont les 
composantes sont fonction de l’âge de l’enfant. Cette revue a fait ressortir que l’allaitement est 
bénéfique au développement de l’enfant, et l’exposition postnatale aux BPC, aux niveaux 
décrits dans les études,  ne produisait pas d’altération de la fonction cognitive ou motrice des 
enfants exposés. Cette recherche a donc été consacrée à l’analyse de l’association entre 
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l’exposition prénatale et ces effets.  Parallèlement, l’indicateur d’effet de l’exposition aux BPC 
sur le développement de l’enfant ayant retenu particulièrement l’attention de chercheurs les 
deux dernières décennies était le poids à la naissance. Il est en effet admis aujourd’hui dans la 
communauté scientifique qu’un faible poids à la naissance, généralement défini comme un 
poids inférieur à 2500 g, est un déterminant de la santé du nouveau-né et de l’enfant (Kramer, 
1987). L’approche développée a donc été appliquée dans le cadre du premier article de cette 
thèse à l’analyse de la relation entre l’exposition prénatale aux BPC et le poids à la naissance. 
À la lumière de cette analyse et en considérant l’ensemble des données publiées de 20 études 
épidémiologiques, une exposition prénatale aux BPC moyenne inférieure à 1920 µg 
PCBMPEQ/kg de lipides, n’apparaît pas associée de manière significative à l’incidence d’un 
poids à la naissance inférieur à 2500 g dans les populations étudiées.  
 
Par ailleurs, l’analyse des données publiées sur la relation entre les BPC et le développement 
de l’enfant a montré que l’exposition prénatale aux BPC a été souvent associée à de plus 
faibles scores à différents tests neuropsychologiques. Des revues descriptives réalisées sur ce 
sujet ont noté des inconstances ou incohérences entre les résultats rapportés dans les études 
(Faroon et al., 2001; Kimbrough et Krouskas, 2003; Korrick et Sagiv, 2008; Ribas-Fito et al., 
2001). Dans deux analyses critiques des données de la littérature publiées, Carrier et al. (2006) 
et Boucher et al. (2009) ont mis en évidence certains effets pour lesquels une constance entre 
les différentes études revues a été obtenue à différentes étapes de la vie. Cependant, il était 
difficile à partir de ces revues de se faire une idée précise sur l’impact à long terme de 
l’exposition aux BPC sur le développement de l’enfant dans une même cohorte. L’analyse 
systématique réalisée dans le cadre du deuxième article de cette thèse donne de façon 
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synthétique une analyse temporelle de l’ensemble des résultats obtenus, dans chacune de neuf 
cohortes retenues, sur les effets de l’exposition prénatale aux BPC sur le développement 
mental et moteur de l’enfant entre la naissance ou un jeune âge et l’âge scolaire. En utilisant la 
même approche de standardisation des données biologiques et l’application de critères de 
causalité que dans l’article 1 de la thèse, cette recherche a permis d’établir un niveau de 
concentration biologique de BPC en dessous duquel la probabilité d’effets persistants sur le 
développement mental et moteur de l’enfant devrait être négligeable. Plus précisément, sur la 
base de cette analyse systématique des études menées sur le suivi de neuf cohortes d’enfants, 
la probabilité qu’une altération cognitive ou motrice cliniquement significative soit observée à 
des concentrations de BPC totaux inférieures à 1000 µg PCBMPEQ/kg de lipides semble faible. 
 
Finalement, les BPC ayant été identifiés comme des perturbateurs endocriniens, de nombreux 
chercheurs ont émis l’hypothèse que les effets neurotoxiques associés à ces contaminants 
puissent être produits par l’intermédiaire d’une altération de la fonction thyroïdienne. Cette 
hypothèse est corroborée par le fait que les hormones thyroïdiennes jouent un rôle crucial dans 
la maturation du cerveau à la fois pendant la vie fœtale et postnatale (Gauger et al., 2008; 
Porterfield, 2000; Zoeller, 2007). D’autre part, les altérations du développement rapportées 
dans certaines cohortes d’enfants s’accordent avec celles observées chez les enfants atteints 
d’hypothyroïdisme congénital ou endémique. Cette hypothèse est plausible chez l’humain 
puisqu’elle s’appuie sur des données expérimentales obtenues chez l’animal ou in vitro (Cheek 
et al., 1999; Gauger et al., 2004; Gutleb et al., 2010; Martin et Klaassen, 2010). Ainsi, en 
conduisant une analyse systématique de la relation « concentrations biologiques de BPC –
 concentrations sanguines de TSH ou TH » chez la femme enceinte ou le nouveau-né, 
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l’approche développée a montré dans le cadre du troisième article que l’exposition aux BPC 
aux niveaux standardisés décrits (moyenne < 1000 µg PCBMPEQ/kg de lipides) ne semble pas 
induire de variation des niveaux de TH ou TSH en dehors des intervalles physiologiques 
acceptés chez la femme enceinte et le nouveau-né. Ainsi, la valeur biologique de référence 
établie à 1000 µg PCBMPEQ/kg de lipides pour prévenir les effets sur le développement 
pourrait servir de valeur guide pour prévenir aussi les effets de sur le poids à la naissance et 
sur la fonction thyroïdienne chez la femme enceinte ou le nouveau-né. 
 
Durant les dernières décennies, dans d’autres études, des approches ont été développées pour 
standardiser les mesures biologiques des BPC entre plusieurs études afin de mieux évaluer les 
effets associés à ces contaminants (Hagmar, 2003; Longnecker, 2001; Longnecker et al., 2003; 
Toft et al., 2004). Dans deux études, celles menées par Longnecker et al. (2001) et Toft et al. 
(2004), l’effet de l’exposition prénatale aux BPC sur le poids à la naissance a été examiné. Les 
résultats observés corroborent ceux obtenus dans le premier article de cette thèse ; ils 
suggèrent que les données publiées sont en faveur de l’absence d’une association significative 
sur le plan statistique entre l’exposition prénatale aux BPC, aux niveaux décrits actuellement 
dans les populations européennes et nord américaines, et un faible poids à la naissance 
(< 2500 g). Dernièrement, cette association a notamment été étudiée par Govarts et al. (2012) 
dans le cadre d’une méta-analyse des données de 12 cohortes européennes. Bien que dans 
cette étude, une association statistiquement significative ait été obtenue entre les BPC et le 
poids à la naissance (i.e., l’augmentation de la concentration du BPC 153 dans le sérum du 
cordon ombilical de 1 µg/L a été reliée à une diminution du poids à la naissance de 150 g 
(95% IC = –240, –50)), la médiane du poids à la naissance se situait entre 3210 g et 3750 g. 
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De plus, cette association n’était plus significative lorsqu’elle a été analysée parmi les 
primipares uniquement. Ces données confirment par conséquent les résultats présentés dans 
cette thèse. 
 
À notre connaissance, l’étude réalisée dans le deuxième article est la première à avoir utilisé 
une telle procédure de standardisation dans le cadre d’une analyse temporelle systématique des 
associations entre l’exposition prénatale aux BPC et le développement mental et moteur dans 
des cohortes d’enfants entre la période néonatale ou de jeune âge et l’âge scolaire. Concernant 
les effets des BPC sur la fonction thyroïdienne, des approches de standardisations ont aussi été 
développées dans les études de Longnecker et al. (2001) et Hagmar et al. (2003) pour mieux 
comparer cette association entre plusieurs études épidémiologiques. Les résultats obtenus dans 
ces deux revues corroborent ceux présentés dans le cadre du troisième article de cette thèse, et 
tout en faisant ressortir des inconstances entre les études, ils soulignent que sur la base des 
données revues, l’exposition aux BPC ne semble pas altérer l’homéostasie des paramètres 
thyroïdiens chez le nouveau-né.  
 
Par ailleurs, bien que la nouvelle approche développée dans le cadre de cette thèse ait permis 
d’intégrer un plus grand nombre d’études publiées, elle était tributaire de données disponibles 
pour une telle procédure. En particulier, à notre connaissance, seule l’étude canadienne menée 
par Newsome et al. (1995) fourni des valeurs de concentration spécifiques d’un assez grand 
nombre de congénères de BPC permettant une telle standardisation entre les différentes études 
disponibles avec une assez bonne précision. Néanmoins, les valeurs utilisées représentent des 
moyennes, et les données sur la variabilité (intervalle de confiance ou percentiles) n’ont pas 
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été présentées. En outre, l’exposition moyenne aux BPC chez les parturientes canadiennes 
pourrait ne pas être représentative de celle des mères ayant participé à toutes les études 
examinées, ce qui peut avoir introduit un biais pour deux raisons. La première repose sur le 
fait que dans l’étude de Newsome et al. (1995), les échantillons de lait ont été prélevés en 
1992, alors que la période d’échantillonnage dans les études examinées variait de 1959 à 2006. 
La seconde est liée au fait que la composition du mélange de congénères de BPC peut 
présenter des variations géographiques, et celle de l’étude de Newsome et al. (1995) n’est pas 
forcément représentative du mélange de BPC de l’ensemble des études revues.  
 
Compte tenu, d’une part, de la diminution temporelle de la concentration des BPC totaux, et 
d’autre part, de l’augmentation temporelle de la proportion de congénères de PCB fortement 
chlorés dans les matrices biologiques (Carrier et al., 2006; Seegal et al., 2011), l’utilisation des 
données de Newsome et al. (1995) pourrait avoir introduit des incertitudes dans les valeurs 
biologiques standardisées. Dans le cas du premier article, sur les six études retenues dans 
l’analyse finale, les échantillons biologiques ayant été recueillis avant la date des prélèvements 
réalisés par Newsome et al. (1995) (i.e., 1992), l’exposition prénatale aux BPC a probablement 
été sous-estimée dans quatre études (Fein et al., 1984; Hertz-Picciotto et al., 2005; Longnecker 
et al., 2005; Rogan et al., 1986a). Concernant les deux études restantes, celles de Konishi et al. 
(2009) et de Sagiv et al. (2007), les échantillons biologiques ayant été recueillis au cours des 
dix années qui ont suivi 1992, et les congénères mesurés ayant été, soit les BPC totaux (Sagiv 
et al., 2007), soit essentiellement des congénères fortement chlorés (Konishi et al., 2009), une 
surestimation de l’exposition réelle des nouveau-nés dans ces deux cohortes ne peut être 
écartée. L’impact de cette incertitude sur les résultats de cet article est toutefois faible ; les 
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concentrations médianes standardisées dans ces deux dernières études étaient plus faible que 
celles obtenues dans d’autres études retenues, dans lesquelles l’absence de lien entre les BPC 
et le poids à la naissance a notamment été obtenue.   
 
Dans le cas du deuxième article, la période d’échantillonnage entre les études examinées 
variait de 1959 à 1998, soit avant ou durant les cinq années qui ont suivi la période de 
prélèvement de référence (i.e., 1992 selon Newsome et al. (1995)). De plus, dans l’ensemble, 
l’exposition prénatale aux BPC était évaluée avec les concentrations des BPC totaux ou celles 
de congénères comprenant au moins cinq atomes de chlore, les concentrations exprimées en 
termes de µg BPCMPEQ /kg de lipides pourraient ne pas présenter une estimation précise de 
l’exposition prénatale réelle dans trois cohortes (i.e., cohortes des Iles Faroe, de Düsseldorf et 
du New Bedford).  
 
Finalement, comme les effets des BPC sur la fonction thyroïdienne ont été essentiellement 
étudiés les deux dernières décennies, la plupart des échantillons biologiques avaient été 
recueillis après 1992, les concentrations standardisées en termes de µg BPCMPEQ/kg de lipides 
pourraient avoir surestimé l’exposition prénatale réelle aux BPC chez les femmes enceintes et 
les nouveau-nés dans les cohortes revues. Il sera cependant possible de quantifier ces 
incertitudes dans le cadre de travaux ultérieurs qui tiennent compte à la fois de la variation 
temporelle des concentrations environnementales des BPC et de leurs distributions dans la 




L’analyse systématique de la relation « concentration biologique – réponse » reposait 
également sur des données publiées, ce qui a limité l’exploitation de certains résultats et a 
nécessité d’émettre quelques hypothèses. Par exemple, cette analyse était basée sur la prémisse 
que le pourcentage des lipides corporels chez les mères était comparable entre les groupes de 
la population à l’étude. La description de cette variable est importante puisque plus de 90% 
des BPC totaux dans le sang se retrouve dans les lipides (Wolff, 1985). Les données fournies 
par le Docteur Nagayama (Article 3) soulignent l’importance d’un tel paramètre dans la 
signification du résultat obtenu. Nous ne pouvons pas écarter d’ailleurs que des paramètres 
non mesurés et dont la distribution n’est pas homogène entre les groupes exposé et non exposé 
puisse être à l’origine de certaines contradictions observées entre les résultats de différentes 
études revues.  
 
Cette analyse systématique ayant été basée sur des données publiées, elle a aussi été limitée 
par la description des variables explicatives de l’effet étudié. Elle aurait été facilitée si dans les 
différentes études, une analyse descriptive complète des caractéristiques de la population à 
l’étude (moyenne, percentiles, le nombre de chaque groupe étudié etc.) avait été fournie. Une 
description des variables explicatives potentielles pour chacun des effets étudiés aurait permis 
d’affiner cette analyse. Un des éléments qui ont rendu difficile l’analyse de la recherche de 
lien entre l’exposition aux BPC et les effets sur la santé était la non spécificité des effets 
étudiés associés aux BPC, et la présence potentielle de facteurs confondants ou modifiants non 
contrôlés de façon uniforme entre les groupes étudiés. Le développement mental d’un enfant 
demeure tributaire de facteurs tels le milieu socioéconomique, le degré de stimulation en bas 
âges et le niveau d’éducation parental. L’exposition environnementale aux BPC est aussi 
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indissociable de celles d’autres contaminants, dont les PCDD, les PCDF, les pesticides 
organochlorés et le mercure. De plus, dans la majorité des études, la force de l’association 
établie par la mesure du risque associé aux BPC (i.e., risque relatif, RR, ou rapport des côtes, 
OR) était faible, ce qui rend plus élevée la probabilité qu’il soit attribuable à des facteurs de 
confusion non homogènes entre les groupes étudiés.  
 
Les déterminants des effets associés à l’exposition aux BPC revus dans le cadre de cette thèse 
peuvent également varier entre les cohortes étudiées. Certaines cohortes peuvent représenter la 
population générale, des mères qui consomment des niveaux élevés de poisson ou qui vivent à 
proximité d’un site contaminé. Par conséquent, des caractéristiques de la population telles que 
le contexte socio-économique ou l’exposition à d’autres contaminants peuvent être très 
variables d’une cohorte à l’autre. La concentration de ces contaminants pouvant présenter une 
variation géographique, ces expositions doivent notamment être évaluées. Comme soulevé par 
Longnecker et al. (2000), certaines contradictions dans les résultats observés entre deux 
cohortes peuvent s’expliquer par une exposition non homogène à un autre contaminant que les 
BPC. 
 
Le niveau socio-économique des cohortes peut aussi varier de manière significative. Dans les 
cohortes de la Caroline du Nord et de Düsseldorf par exemple, une proportion élevée des 
mères ont allaité leur enfant (88% et 83%, respectivement). Dans la cohorte de Caroline du 
Nord, 53% des mères étaient d’un niveau d’éducation collégial et 41% étaient des 
professionnelles, et la proportion des mères avec un faible niveau d’éducation était seulement 
de 17,7% dans la cohorte allemande (Rogan et al., 1986b; Winneke et al., 1998). Étant donné 
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l’effet bénéfique sur le développement des enfants attribué à la fois à l’allaitement maternel et 
à la qualité de l’environnement de l’enfant (Jacobson et Jacobson, 2003; Vreugdenhil et al., 
2004; Walkowiak et al., 2001), l’impact favorable de ces paramètres sur les résultats observés 
dans ces deux cohortes ne peut être exclu. Comme développé par Rose et al. (2008), la valeur 
moyenne et la distribution d’un paramètre biologique ou biométrique varient entre les 
populations. Ces variables étant le reflet des conditions et du  fonctionnement de la société 
dans son ensemble, les déterminants de l’incidence ou de la prévalence dans la population 
générale ne sont pas nécessairement les mêmes que les déterminants évalués chez les cas 
(Rose et al., 2008). Ainsi, il ne peut être exclu que les différentes caractéristiques des 
populations puissent expliquer en partie les différences observées entre les cohortes étudiées 
(validité externe). 
 
Par ailleurs, il est difficile de déposer cette thèse sans être tenté de comparer la valeur 
biologique sans effet nocif significatif, établie dans le cadre de cette recherche à 1000 µg 
PCBMPMPEQ/kg de lipides, aux concentrations mesurées chez les femmes enceintes 
Canadiennes. D’après des données recueillies dans la littérature canadienne standardisées 
selon les facteurs de conversion et de corrélation tels que présentés dans cette thèse, le bilan 
des concentrations biologiques des BPC chez les parturientes canadiennes ou leurs enfants 
entre 1992 et 2002 montre que ce sont les populations autochtones qui présentent les niveaux 
les plus élevés. Pour des collectes effectuées dans ces populations après 1995, les moyennes 
des concentrations variaient de 131 à 611 µg de BPCMPEQ/kg de lipides et les limites 
supérieures des intervalles de confiance à 95% des concentrations rapportées se situaient entre 
environ 100 et 750 μg BPCMPEQ/kg de lipides (Ayotte et al., 2003; Butler Walker et al., 2003; 
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Dewailly et al., 1999; Muckle et al., 2001). Récemment, dans le cadre de l’Enquête 
canadienne sur les mesures de la santé (ECMS), Rawn et al. (2012) ont mesuré la médiane de 
la concentration de 36 congénères de BPC dans le sérum sanguin prélevé entre 2007 et 2009 
chez des Canadiennes âgées de 20 à 39 ans. Dans ce groupe de population, la concentration 
sérique maximale des BPC totaux était de 140 µg/kg de lipides. Les niveaux biologiques de 
BPC totaux chez les Canadiennes à l’âge de procréer étant inférieurs à 1000 μg/kg de lipides 
plasmatiques et compte tenu de la diminution temporelle des niveaux des BPC dans 
l’environnement et dans les matrices biologiques, le risque de tels effets chez les parturientes 





L’approche systématique utilisée dans le cadre de cette thèse a fourni une méthodologie 
novatrice dans l’établissement du risque pour la santé relié à un contaminant environnemental 
à partir d’études épidémiologiques publiées. Les analyses conduites dans le cadre de cette 
thèse démontrent qu’aux niveaux d’exposition aux BPC des populations nord américaines, la 
probabilité d’effet sur le poids à la naissance, le développement de l’enfant ou sur la fonction 
thyroïdienne chez la femme enceinte ou le nouveau-né est faible. La valeur biologique de 
référence établie pour les effets sur le développement pourrait servir de valeur guide pour les 
effets de l’exposition prénatale aux BPC sur le poids à la naissance de même que pour les 
effets sur la fonction thyroïdienne chez la femme enceinte ou le nouveau-né. Le modèle 
toxicocinétique développé permettra dans le cadre de travaux futurs de réduire certaines 
incertitudes associées à la standardisation des concentrations biologiques des BPC. Ces 
travaux mettent en exergue l’importance d’une description complète à la fois des 
caractéristiques des populations étudiées, des variables à l’étude et des variables explicatives 
potentielles. Ils soulignent qu’il demeure important de pouvoir colliger des données publiées 
réalisées dans différentes populations de différentes régions du monde pour la caractérisation 
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ANNEXE I : RAPPEL SUR LA FONCTION THYROÏDIENNE 
La thyroïde, située juste au-dessous du larynx, sur les côtés et la face antérieure de la trachée, 
secrète la tétraiodothyronine, encore nommée la thyroxine ou T4, la triiodothyronine ou T3, 
ainsi que des quantités beaucoup plus faibles de plusieurs autres hormones iodées très 
voisines. Ces hormones ont un rôle important dans le métabolisme de l'organisme. L'absence 
totale de sécrétion thyroïdienne entraîne en général, une chute du métabolisme basal de 30 à 
40 %, alors qu'une hypersécrétion d'hormones thyroïdiennes peut entraîner une augmentation 
du métabolisme basal à des taux pouvant atteindre 60 à 100 %. La sécrétion des HT est 
contrôlée essentiellement par l'hormone thyréotrope sécrétée par le lobe antérieur de 
l'hypophyse, la « thyroid stimulating hormone » (TSH), qui est elle-même contrôlée par un 
système de rétroaction complexe reliant l'hypothalamus, l'hypophyse et la glande thyroïde 
(Figure 1). 
 
Figure 1 : L’axe hypothalamus – hypophyse – thyroïde. 
  
ii 
Cette régulation par rétrocontrô1e peut être décrite de la façon suivante : la « thyrotropin-
releasing hormone » (TRH) hypothalamique stimule la sécrétion de TSH au niveau de 
l'hypophyse. La TSH augmente la production des hormones thyroïdiennes (T3 et T4) qui vont 
à leur tour supprimer la sécrétion hypothalamique de la TRH ainsi que la sécrétion 
hypophysaire de TSH. Ainsi, une boucle de rétrocontrôle typique possède des composantes 
positives (TRH, TSH) et négatives (T3, T4) permettant un contrô1e étroit des concentrations 
hormonales. L’hypophyse intègre des signaux positifs de la TRH et les effets négatifs des 
hormones thyroïdiennes. La régulation de la synthèse de T3 et T4 dépend, de plus, de l’iode 
ingéré tous les jours via la nourriture. L’excès d'apports iodés diminue la captation par la 
thyroïde alors que des apports réduits l'augmentent. En réalité, à cause des mécanismes 
complexes de régulation décrits ci-dessus, selon la quantité ingérée et le besoin de 
l’organisme, la captation thyroïdienne de l'iodure varie de 5 à 30 %. 
 
L’hormone T4 est le produit de sécrétion majoritaire de la glande thyroïde avec une 
production quotidienne de l’ordre de 80 à 100 µg. La T4 est produite exclusivement par la 
thyroïde. Seulement 20 % de la production de T3 est issue de la thyroïde et 80 % provient de 
la conversion périphérique de la T4. La production quotidienne de T3 est de 30 à 40 µg. Même 
si la sécrétion de T4 est quantitativement supérieure à celle de T3, cette dernière a une affinité 
plus grande pour les cellules cibles, ce qui la rend biologiquement plus active (dix fois plus). 
La production normale des hormones thyroïdiennes requiert un taux normal de TSH et un 
apport suffisant mais pas excessif d'iode. Les concentrations de l’hormone T4 circulante 
reflètent à la fois une variation pulsatile à court terme et une variation diurne (Zoeller, 2003).  
  
iii 
Par ailleurs, une fois dans le plasma, les hormones thyroïdiennes sont transportées par des 
protéines dont la plus importante est la tyroxine-binding-globuline (TBG). Ainsi, un équilibre 
dynamique s’établit entre la forme libre des hormones T3 et T4 (FT3 ou FT4) et leurs formes 
liées (BT3 et BT4). Seules les hormones libres (FT3 ou FT4) peuvent traverser les capillaires 
et atteindre les cellules cibles. Pour une quantité donnée de T3 et T4 circulantes, une variation 
de la quantité de protéines transporteuses peut également affecter les concentrations de leurs 
fractions libres.  
 
  
 
 
 
 
